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Derek S. Woods 
 
The Influence of the Ku80 Carboxy-Terminus on Activation of the DNA-Dependent 
Protein Kinase and DNA Repair is Dependent on the Structure of DNA Cofactors 
 
In mammalian cells DNA double strand breaks (DSBs) are highly variable 
with respect to sequence and structure all of which are recognized by the DNA-
dependent protein kinase (DNA-PK), a critical component for the resolution of these 
breaks.  Previously studies have shown that DNA-PK does not respond the same way 
to all DSBs but how DNA-PK senses differences in DNA substrate sequence and 
structure is unknown.  Here we explore the enzymatic mechanism by which DNA-PK 
is activated by various DNA substrates.  We provide evidence that recognition of 
DNA structural variations occur through distinct protein-protein interactions between 
the carboxy terminal (C-terminal) region of Ku80 and DNA-dependent protein kinase 
catalytic subunit (DNA-PKcs).  Discrimination of terminal DNA sequences, on the 
other hand, occurs independently of Ku 80 C-terminal interactions and results 
exclusively from DNA-PKcs interactions with the DNA.  We also show that sequence 
differences in DNA termini can drastically influence DNA repair through altered 
DNA-PK activation.  Our results indicate that even subtle differences in DNA 
substrates influence DNA-PK activation and ultimately Non-homologous End Joining 
(NHEJ) efficiency. 





TABLE OF CONTENTS  
1.  Introduction .............................................................................................................. 1 
1.1 DNA Damage and Repair ................................................................................... 1 
1.2 Double Strand Breaks (DSBs)............................................................................. 2 
1.3 DNA Damaging Agents in Cancer Therapy ....................................................... 7 
1.4 Ku70/80 ............................................................................................................... 9 
1.5 DNA-PKcs ........................................................................................................ 14 
1.6 Ku/DNA-PKcs Interactions............................................................................... 16 
1.7 DNA/DNA-PK Interactions .............................................................................. 19 
1.8 Downstream phosphorylation targets of DNA-PKcs ........................................ 20 
1.9 Significance: ...................................................................................................... 22 
2.  Materials and Methods ........................................................................................... 24 
2.1 Ku Mutant Design ............................................................................................. 24 
2.2 Ku Mutant Construction .................................................................................... 24 
2.3  Protein expression of Ku70/80 ......................................................................... 27 
2.4 Protein Purification ........................................................................................... 27 
2.4.1 Purification of Ku70/80 .............................................................................. 27 
2.4.2 Purification of DNA-PKcs.......................................................................... 29 
2.5 Electrophoretic mobility shift assays (EMSA).................................................. 32 
2.6 SDS-PAGE and Western Blot Analysis ............................................................ 32 
vi 
 
2.7  DNA-PK kinase assays .................................................................................... 33 
2.8 DNA-PK DNA Binding/Recruitment Assay .................................................... 39 
2.9 Host Cell Reactivation Assay ............................................................................ 40 
2.10 Statistical Analysis .......................................................................................... 40 
2.11 Protein Structure Prediction ............................................................................ 40 
3. Different Structural Regions of the Ku80 C-terminus Influence DNA-PKcs 
Activity Depending on the Structure of the DNA Substrate....................................... 41 
3.1 Introduction ....................................................................................................... 41 
3.2 Results ............................................................................................................... 43 
3.3 Discussion ......................................................................................................... 61 
4. Preferential DNA-PK Activation by Terminal Pyrimidines Leads to Increased 
NHEJ ........................................................................................................................... 66 
4.1 Introduction ....................................................................................................... 66 
4.2 Results ............................................................................................................... 66 
4.3 Discussion ......................................................................................................... 71 
5. Discussion ............................................................................................................... 74 
6. References ............................................................................................................... 89 





DSB    double-strand breaks 
bp    base pairs 
py   pyrimidines 
pu   purines 
NHEJ   non-homologous end joining  
HR   homologous recombination 
DDR   DNA damage response  
DNA-PK  DNA dependent protein kinase 
DNA-PKcs  DNA dependent protein kinase catalytic subunit 
PIKKs  phosphatidylinositol-3 kinase-like protein kinases 
FAT  FRAP, ATM, and TRRAP 
C-terminus Carboxy terminus  
dsDNA double-strand DNA 
ssDNA  single-strand DNA 
SAP   SAF-A/B, Acinus, and PIAS domain 
VHS   Vps27p/Hrs/STAM 
XLF   XRCC4-like factor 
RPA   Replication Protein A
1 
 
1.  Introduction 
1.1 DNA Damage and Repair 
DNA is under constant assault which threatens the integrity of the genome.  
Damaged DNA interferes with several cellular processes including transcription, DNA 
replication, and chromosome separation.  In addition DNA damage impedes the accurate 
inheritance of genomic information from one generation to the next.  In order to 
overcome the potentially harmful effects of DNA damage, DNA repair mechanisms have 
evolved to eliminate or at the very least, minimize DNA damage.   
Specific pathways have evolved to deal with distinct forms of DNA damage.  
Base excision repair is the main pathway used to repair non-bulky base damage.  This 
pathway becomes activated in response to damaged base residues and nucleotides as well 
as in response to abasic sites.  The removal of 8-oxo-G lesions requires the utilization of 
base excision repair.  Mismatched bases can occur during DNA replication or from non-
fidelitous repair and are corrected via the mismatch repair pathway.  Mismatched bases 
are a particularly interesting form of DNA damage in that the cellular machinery must 
differentiate between the strands are recognize the patental DNA strand which 
presumably contains the correct DNA sequence.  Bulky, helical distorting lesions are 
recognized and repaired via the nucleotide excision repair pathway.  This pathway is 
responsible for the removal of several forms of DNA damage including thymidine dimers 
and several alkylating agents
1
.  These lesions are initially detected through transcription 
stalling at the site of the distortion
2
.  Additionally, these bulky lesions may be detected by 
scanning proteins which detect helical distortion of the DNA
2
.   
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While the previous pathways have involved damage to one strand, specific types 
of agents cause damage to both strands of the DNA.  Among these are interstrand 
crosslinks in which covalent bonds form between bases on separate strands which are 
usually irreversible
3
.  These crosslinks are extremely toxic because they prevent the 
separation of DNA strands which is essential for cellular processes such as replication 
and transcription.  To resolve such lesions the interstand crosslink repair pathway 
produces nicks in the strands on either side of the crosslinked bases essentially producing 
a DNA double strand break.  The resulting break is then repaired through the homologous 
recombination pathway which repairs a subset of double strand breaks and is discussed in 
detail below. 
1.2 Double Strand Breaks (DSBs) 
DNA is under constant and unrelenting assault which threatens the integrity of the 
genome.  In order to overcome these genomic stresses, DNA repair pathways have 
evolved to deal with a variety of DNA lesions.  Of these, DNA double strand breaks are a 
particularly toxic form of DNA damage in that a single unresolved DSB can be lethal
4
.  
DSBs can result from both endogenous and exogenous sources. Endogenous sources of 
DNA include exposure to reactive oxygen species, which are created as by-products of 
metabolism, and DNA replication fork collapse which itself is caused by a variety of 
events.  During replication, DNA is particularly vulnerable to damage.  As the replication 
fork proceeds, if it encounters a lesion such as a backbone nick or a region of extensive 
supercoiling, the replication machinery dissociates resulting in a one-ended DSB
5
.   
Exogenous sources of DSBs include exposure to ionizing radiation and radio-
mimetic drugs both of which are used in cancer therapies.  The toxicity of DSBs makes 
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the induction of such lesions attractive as therapies as they can be highly effective in 
killing cancer cells.  Exposure to ionizing radiation can cause DSBs directly through at 
least two mechanisms both of which involve free radical formation
6
.  The first 
mechanism would be the formation of two single strand breaks located within 15 base 
pairs (bp) and be on opposite strands
6
.  The second occurs through a radical transfer 
mechanism in which the initial radical induced on the DNA produces a single strand 
break.  The radical is then transferred to the other strand causing the second break
7
.  Of 
these two possibilities the latter is statistically more probable
6
.  Radiation can also cause 
DSBs indirectly through the initial creation of reactive oxygen species in the nucleoplasm 
which then cascade eventually colliding with DNA causing breaks
6
.  Several radio-
mimetics have been developed to induce DSBs including bleomycin and etopiside
1
.  
Bleomycin is a group of glycopeptides which were first isolated from Streptomyces 
verticillus in 1966
8
.  These drugs consist of a disaccharide-modified metal-binding 
domain connected through a methylvalerate-Thr linker to a bithiazole C-terminal tail
9
.  
Chen and Stubbe have proposed a model by which bleomycin can cleave both strands 
which necessitates the partial intercalation and flexibility of the bithiazole tail
10
.  In 
addition to the bithiazole tail, the pyrimidines moiety plays a role in DNA binding
11
.  The 
N3 and N4 groups of the pyrimidine moiety provide sequence specificity of DNA 
cleavage by binding to the N3- and N2-amino groups of the guanine 5’ to the pyrimidine 
(py) cleavage site
12.  This sequence specific cleavage is commonly referred to as the “5’-
G-Py-3’ rule.”  Cleavage is initiated when bleomycin removes the 4’-hydrogen atom 
from the C4’ of the deoxyribose moiety of the pyrimidine 3’ to the guanine13.  The 
resulting termini can have either a one base 5’ overhang or blunt ends depending on the 
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base 3’ to the Py.  5’ overhangs are generated when the adjacent 3’ base is a purine while 
blunt ends are generated when the adjacent 3’ base is a Py12.  Unlike etoposide, 
bleomycin has not been shown to directly inhibit DNA replication
14
.  During DNA 
replication Topoisomerase 2 functions to relieve torsional strain in DNA caused by 
supercoiling, DNA catenation, and DNA knotting
15
.  Etoposide is a topoisomerase 2 
inhibitor which has proven an effective anticancer drug for a variety of cancers
1
.  To 
create DNA damage tyrosines on topoisomerase 2 attack the phosphodiester bonds four 
bases apart on the opposite strands of G duplex DNA yielding a DSB
15
.  Etoposide blocks 
the religation activity of topoisomerase 2 thus leaving a DSB with a covalently bound 
protein at the terminus.       
To resolve DSBs two main pathways are utilized in mammalian cells. The 
homologous recombination (HR) pathway involves extensive 5’ resection at the site of 
the break. The resulting 3’ single stranded DNA overhang is utilized to seek homologous 
regions within the genome. These homolgous regions are used as a template to repair the 
break. Under basal conditions, the HR pathway is restricted to S and G2 phases of the cell 
cycle
16
. Because the HR pathway uses homologous regions of DNA as a template, it is 
somewhat fidelitous. In contrast the Non-homologous End Joining (NHEJ) pathway does 
not use homologous regions of the genome and instead resolves the lesion through direct 
ligation of the break following limited processing of the DNA termini, if necessary
17
. 
Despite being more “error prone” the NHEJ pathway repairs DSBs much quicker than 
HR and is initiated within seconds of the formation of a break. NHEJ is also not 





Initiation of NHEJ requires the formation and activation of the DNA-dependent 
protein kinase (DNA-PK). Once activated, DNA-PK functions to regulate NHEJ pathway 
progression as well as initiates the DNA damage response (DDR) signaling cascade 
(Figure 1).  The DDR initiates cell cycle arrest which is thought to allow time so that the 
lesions can be resolved. In addition to its direct role in NHEJ, recent work has 
demonstrated that DNA-PK also regulates HR and likely plays a critical role in DSB 
repair pathway choice through autoregulation
18-20





Figure 1. Model of Non-homologous End Joining DNA Repair Pathway. Following a 
DSB the pathway is initiated by the Ku70/80 binding to the DNA termini.  DNA-PKcs is 
recruited to form the DNA-PK heterotrimer.  DNA-PK undergoes autophosphorylation as 
well as phosphorylation of downstream molecules.  DNA termini are processed and 
DNA-PK dissociates from the DNA.  DNA Ligase IV/XRCC4-XLF complex facilitates 






1.3 DNA Damaging Agents in Cancer Therapy      
DNA damaging agents have been used historically to treat cancer and remain the 
most widely used approach in treatment
1
.  Unlike the vast majority of cells in the human 
body, cancer cells are rapidly dividing and thus can be targeted with genotoxic agents.  
Ionizing radiation is well established producer of DSBs and is a mainstay in cancer 
therapy.  The toxicity associated with DSB production makes the induction of such 
lesions attractive as therapies as they can be highly effective in killing cancer cells.  
Exposure to ionizing radiation can cause DSBs directly through at least two mechanisms 
both of which involve free radical formation
6
.  The first mechanism would be the 
formation of two single strand breaks located within 15 base pairs (bp) and be on 
opposite strands
6
.  The second occurs through a radical transfer mechanism in which the 
initial radical induced on the DNA produces a single strand break.  The radical is then 
transferred to the other strand causing the second break
7
.  Of these two possibilities the 
latter is statistically more probable
6
.  Radiation can also cause DSBs indirectly through 
the initial creation of reactive oxygen species in the nucleoplasm which then cascade 
eventually colliding with DNA causing breaks
6
.   
Several radio-mimetic cancer drugs have been developed to induce DSBs 
including bleomycin and etopiside
1
.  Bleomycin is a group of glycopeptides which were 
first isolated from Streptomyces verticillus in 1966
8
.  These drugs consist of a 
disaccharide-modified metal-binding domain connected through a methylvalerate-Thr 
linker to a bithiazole C-terminal tail
9
.  Chen and Stubbe have proposed a model by which 
bleomycin can cleave both strands which necessitates the partial intercalation and 
flexibility of the bithiazole tail
10
.  In addition to the bithiazole tail, the pyrimidines moiety 
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plays a role in DNA binding
11
.  The N3 and N4 groups of the pyrimidine moiety provide 
sequence specificity of DNA cleavage by binding to the N3- and N2-amino groups of the 
guanine 5’ to the pyrimidine (py) cleavage site12.  This sequence specific cleavage is 
commonly referred to as the “5’-G-Py-3’ rule.”  Cleavage is initiated when bleomycin 
removes the 4’-hydrogen atom from the C4’ of the deoxyribose moiety of the pyrimidine 
3’ to the guanine13.  The resulting termini can have either a one base 5’ overhang or blunt 
ends depending on the base 3’ to the Py.  5’ overhangs are generated when the adjacent 3’ 
base is a purine while blunt ends are generated when the adjacent 3’ base is a Py12.  
Unlike etoposide, bleomycin has not been shown to directly inhibit DNA replication
14
.  
During DNA replication Topoisomerase 2 functions to relieve torsional strain in DNA 
caused by supercoiling, DNA catenation, and DNA knotting
15
.  Etoposide is a 
topoisomerase 2 inhibitor which has proven an effective anticancer drug for a variety of 
cancers
1
.  To create DNA damage tyrosines on topoisomerase 2 attack the phosphodiester 
bonds four bases apart on the opposite strands of G duplex DNA yielding a DSB
15
.  
Etoposide blocks the religation activity of topoisomerase 2 thus leaving a DSB with a 





DNA-PK consists of three proteins: Ku70, Ku80, and the DNA-dependent protein 
kinase catalytic subunit (DNA-PKcs).  Ku70 and Ku80 form a tight heterodimeric 
complex referred to as Ku
21
.  Ku was originally identified in 1981 when following the 
characterization of sera from patients with polymyositisscleroderma overlap syndrome 
when more than half of the patients’ sera recognized Ku as an autoantigen22.  In vivo Ku 
is found as an extremely stable complex. Ku80 deficient rodent cells have very low levels 
of Ku70 and Ku70 deficient mice have very low levels of Ku80
23,24
.  In addition 
expression of Ku80 in Ku80-deficient cells restores both Ku80 and Ku70 protein levels 
implying that the heterodimeric form of Ku is the stable and functional form
25
.  Together 
Ku70/80 bind to dsDNA termini and serve as a scaffolding complex.  The Ku70/80 
complex promotes several accessory proteins including DNA-PKcs to localize to the site 
of a DSB.  Among these proteins is the DNA Ligase IV/Xrcc4/XLF complex which is 
responsible for ligating the ends of the break together (Figure 1).  Importantly, 
biochemical studies have shown that Ku stimulates this ligation activity of the complex
26
.  
Recent structural data has further defined the nature and role of Ku/Xrcc4/XLF 
interactions demonstrating that Xrcc4/XLF forms a filamentous complex which, when in 
complex with Ku, can tether DNA termini across a break
27
.  The tethering of DNA 
termini across a DSB is commonly referred to as the synaptic complex.  Ku itself has also 
been implicated in synaptic complex formation in vitro.  Previous studies utilized atomic 
force microscopy to visualize protein/DNA complex formation, which show that Ku 
binds to DNA termini and aligns termini independent DNA-PKcs
28,29
.  Interestingly, the 
presence of DNA-PKcs does not stimulate the alignment of these termini suggesting that 
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Ku is the main factor in the alignment activity
29
.  More recent data has demonstrated that 
Ku has enzymatic activity on DNA. Specifically Ku is a 5’-dRP/AP lyase and can excise 
abasic sites near DNA termini which would otherwise interfere with the ligation step of 
NHEJ
30
.  Specifically Ku was shown to have the greatest lyase activity on substrates 
where the abasic site is within a short 5’ overhang31.  On the other hand, excision activity 
is strongly suppressed by as little as two paired bases 5’ of the abasic site31.  While Ku 
stimulates the processing of abasic sites near the terminus, it has also been shown to limit 
endonuclease and exonuclease resection of DNA termini which may limit the amount of 
lost DNA during repair
32
.  Obviously Ku serves several functions in NHEJ, all of which 
are absolutely dependent on the binding of Ku to DNA termini which occurs with 
relatively high affinity as indicated by Kd values of 2.4 x 10
-9




.  The 
crystal structure of Ku has provided considerable information regarding the mechanism 
by which Ku binds DNA in a sequence-nonspecific mechanism with high affinity.  The 
structure of Ku was solved in the absence of the N-terminal and C-terminal regions of 
both Ku70 and 80 which were subsequently solved separately (Figure 2)
35
.  Despite 
having poorly conserved primary sequences (about 15% identity), Ku 70 and 80 have 





Figure 2. Ku Structures A. Ku70/80 Structure adapted from PDB file 1JEY
35
.  Ku80 is 
shown in dark blue and Ku70 is shown in light blue. Structures were solved in the 
absence of the Ku80 C-terminus and bound to DNA(Grey).  B. The C-terminal region of 
Ku80 adapted from PDB file 1Q2Z
36




Both proteins contain three distinct regions: an amino terminal von Willebrand A 
domain, a central core dimerization/DNA binding domain, and divergent C-terminal 
regions.  Crystal structures determined from X-ray crystallography revealed that together 
the two Ku subunit asymmetric ring with an extensive base and a narrow bridge and 
pillar region
35
.  Ku70/80 crystals were solved in the presence and absence of dsDNA and 
consistent with results from our lab, DNA binding was not shown to cause major 
structural changes in the core structures of the protein
37
.  These data also indicate that the 
ring structure of Ku accommodates a dsDNA molecule which validates early models of 
Ku/DNA binding in which Ku acts like a bead and is threaded onto DNA.  The DNA 
binding channel is lined with positively charged residues.  These amino acids bind to 
about two turns of DNA along the extensive base of the molecule.  Further, the structure 
reveals that the interactions between Ku and DNA are exclusively between the protein 
and the sugar/phosphate backbone, which helps explain how Ku binds dsDNA in a 
sequence non-specific manner.  The asymmetrical binding also allows the distinction 
between Ku70 and 80 in terms of localization of binding.  Consistent with previous work 
involving covalent cross-linking, the high resolution structure clearly shows that Ku70 
makes major contacts with DNA toward the terminus, while Ku80 occupies adjacent 
bases toward the continuous strand of the DNA
38
.   
As is often the case, obtaining crystal structures of full length Ku70 and 80 
proved difficult and thus only the core domain was used for crystallography.  Thus the 
structure of the C-terminal regions of Ku70 and 80 were solved independently by 
different groups.  Zhang et al solved the structure of the Ku70 C-terminus encompassing 
amino acids 536-609
39
.  Using nuclear magnetic resonance it was found that residues 
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536-560 are highly flexible and could be considered extensively disordered.  Residues 
561-609 on the other hand form a well defined structure with three alpha helices which 
create a putative DNA binding domain.  The putative DNA binding domain does not 
resemble the helix-turn-helix DNA binding motifs or other common sequence specific 
DNA-binding domains seen in zinc fingers or leucine zippers
39
.  Instead it contains a 
SAP domain which was named for three protein containing this motif: SAF-A/B, Acinus, 
and PIAS
40
.  The SAP domain is a slight variation of a helix-extension-helix fold which 
is often involved in binding unusual DNA structures such as holiday structures, three-
way junctions, heteroduplex loops, base mismatches, bulky adducts and curved DNA
41
.  
Exactly what role this domain plays in DNA repair remains unknown.  A reasonable 
hypothesis is that this regions DNA binding activity is responsible for Ku’s “pausing” at 
certain regions when translocating along DNA
21
.  Consistent with this hypothesis, a 
recent molecular modeling study predicts that the SAP may bind to specific sequences 
with a relatively high binding affinity (ΔG ≈ -20kcal/mol)42.  The authors speculate that 
the SAP domain may be involved in gene regulation on intact chromosomes however 
more studies are needed in order to validate this claim.   
Similar to the C-terminus of Ku70, in order to obtain high quality structural data 
of the C-terminus of Ku80 nuclear magnetic resonance was employed
36
.  Results indicate 
that the C-terminus of Ku80 has three distinct structural regions: a disorder region 
between amino acids 550-593, a helical bundle between amino acids 594-704, and a 
disorder region at the extreme C-terminus between amino acids 705-732.  Importantly for 
findings in our study, all of the C-terminal constructs used in this study were well 
behaved and did not form self aggregates.  Within the six helices there are two significant 
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invaginations between helix two and helix four that the authors predict to be docking sites 
for a putative protein or peptide ligand.  Overall the C-terminal helical bundle resembles 
conserved superhelical repeats seen in MIF4G from the human nuclear cap binding 
protein 80kDa subunit and Vps27p/Hrs/STAM (VHS) domain from the Drosophila 
melanogaster protein Hrs.  Of these two, the Ku80 C-terminus is more similar to the 
VHS domain in size with the inclusion of the disordered region at the extreme carboxy 
end; however the VHS domain contains eight helices.  The authors speculate that the 
extreme C-terminus of Ku80 may adopt the “missing” helical elements of the 
homologous VHS domain structure upon binding to DNA-PKcs for which this region of 
the protein has been implicated
36,43
. 
Our interest in the C-terminus of Ku80 first peaked while studying DNA-
dependent conformation changes in the Ku heterodimer
37
.  Consistent with Ku 
crystallography studies, Lehman and Turchi found that the core domain of Ku does not 
undergo considerable conformational changes upon binding DNA.  However, the C-
terminal regions of both Ku70 and Ku80 undergo extensive changes following Ku 
binding to dsDNA. 
1.5 DNA-PKcs 
DNA-PKcs is the largest single polypeptide consisting of 4128 amino acids and a 
staggering mass of 469kDa
17
.  The large size of DNA-PKcs hinders several aspects of 
study but most notably high resolution structural studies.  Despite recent advances in 
crystallography to date, the best resolution achieved is at 6.6 Angstroms which is far from 
ideal
44
.  At this resolution side chains, autophosphorylation sites, DNA binding specific 
atoms cannot be resolved.  Nevertheless results from this study do provide important 
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information regarding the structure of this massive protein.  DNA-PKcs is comprised of 
several distinct structural domains.  A large ring structure containing many alpha-helical 
HEAT repeats (helix-turn-helix motifs) surrounds a putative dsDNA binding domain.  
Unlike the ring structure of Ku, the ring structure in DNAPKcs contains a clearly defined 
gap
44
.  Adjacent to the gap are at least 66 helices arranged as HEAT repeats which 
comprise the majority of the ring structure which is folded into a concave shape when 
viewed from the side.  The ring most likely consists entirely of the amino terminal region 
of DNA-PKcs.  While such HEAT repeats have been observed in other structures these 
are structurally irregular in that the polypeptide chain has its amino terminus on one side 
of the gap, circumnavigates the ring, and then reverses direction to the other side of the 
gap
44
.  These authors predict that these two irregular helical regions are points of 
conformational flexibility that could widen the gap following phosphorylation of specific 
residues thus facilitating DNA-PKcs release from DNA.  This model is consistent with 
biochemical studies discussed later in this chapter.  At the top of the ring is the 
“forehead” domain which is angled forward and is partially responsible for the concave 
shape of the protein.  This region supports a head domain also referred to as the crown 
domain.  Using homologous structures, it was found that the head domain contains the 
kinase domain which is flacked by the 500 amino acid FAT domain (named after 
PI3kinase family members FRAP, ATM, and TRRAP) and a highly conserved 35 amino 
acid domain called the FATC domain.  Accordingly, the FAT and FATC domains are 
thought to interact with each other with the kinase domain wedged between.  
Interestingly, unlike previous cryo-electron microscopy data, the presence of a putative 
single stranded DNA binding site is absent in the crystal structure.  Whether both distinct 
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dsDNA and ssDNA binding sites exist in DNA-PKcs is an important question that 
deserves further investigation. 
1.6 Ku/DNA-PKcs Interactions 
There is a plethora of data, both biochemical and structural, supporting 
protein/protein interactions that occur between DNA-PKcs and Ku, primarily involving 
the C-terminal region of Ku80.  As mentioned above, Ku is highly conserved and can be 
found in all kingdoms of life
21
.  Additionally, several of the accessory proteins involved 
in NHEJ are present across species as well including Ligase 4/Xrcc4 and XLF homologs.  
While the core /DNA binding domain of Ku exists across species, only vertebrates 
contain the extensive C-terminus of Ku80
43
.  To date DNA-PKcs has also only been 
identified in vertebrates.  This evidence alone is enough to speculate that the C-terminus 
of Ku80 may influence DNAPKcs.  Because of its central importance to my work, 
evidence for these interactions will be extensively discussed below. 
One of the first studies to provide evidence for a direct interaction between DNA-
PKcs and the C-terminus of Ku80 was completed by Gell and Jackson in 1999
43
.  Here 
relatively simple “pull-down” methods were employed using purified DNA-PKcs and N-
terminal and C-terminal deletion constructs of Ku80.  Results defined the extreme C-
terminus of Ku80 as being necessary and sufficient for a DNA-PKcs interaction.  It 
should be noted however, that these studies were completed in with Ku80 in the absence 
of Ku70 and thus it cannot fully represent the heterodimeric complex with DNA-PKcs.  
That same year another group tested the influence of the C-terminus of Ku80 on DNA-
PKcs activation using a variety of in vitro and in vivo techniques.  Using a Ku80 
construct with amino acids 554-732 deleted, the authors demonstrate that this deletion 
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dramatically reduces DNA-PKcs kinase activity in vitro but partially rescues the radio 
sensitive phenotype of Ku80 deficient cell lines
45
.  Further they found that this C-terminal 
deletion does not influence the ability of Ku to bind dsDNA.  Elegant follow up work 
from Jackson and colleagues further defined what they termed “the PIKK interaction 
motif” first identified by their study reported in 1999.  DNA-PKcs is a member of the 
phosphatidylinositol-3 kinase-like protein kinases (PIKKs) which also includes 
the DNA Damage Response (DDR) initiation kinases ATM and ATR
1
.  Nbs1 and ATRIP 
have been implicated in activating ATM and ATR respectively.  Sequence alignments 
with Ku80, Nbs1, and ATRIP show significant sequence similarity among the C-termini 
of these proteins
46
.  Extensive biochemical analysis showed strong evidence to support 
that this PIKK interaction domain is required for the recruitment of each of the kinases to 
damaged DNA and activation of the respective kinase
46
. 
In contrast to these reports, a more recent study added another level of complexity 
to these findings.  Weterings and colleagues used a variety of in vitro and in vivo 
technique to characterize Ku80 mutants which did not contain the extreme C-terminal 
“PIKK binding motif”47.  Similar to the result reported from the Jeggo laboratory, 
introduction of C-terminal deletion mutants into Ku80 null cells partially rescued the 
radiosensitive phenotype
45
.  Interestingly no distinguishable difference was observed in 
this assay between cells complimented with Ku80 containing a C-terminal 24 amino acid 
deletion or a 163 amino acid deletion.  Further, in vitro electro mobility shift assays 
(EMSAs) and in vivo fluorescent monitoring indicate that the final 163 amino acids of 
Ku80 are dispensable for DNA-PKcs recruitment to dsDNA breaks.  Subsequent 
monitoring of DNA-PK kinase activity showed that in the absence of the helical bundle 
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and the extreme C-terminus, DNA-PK activity was reduced by 50%.  Clearly these data 
differ from previous studies and suggest that the PIKK interaction domain located at the 
extreme C-terminus is not necessarily required for the Ku/DNA-PKcs interactions driving 
DNA-PKcs recruitment to DNA, retention on the DNA, or DNA-dependent kinase 
activity.  This does not diminish the role of Ku70/80, however, as it is still required for 
stablizing DNA-PKcs-DNA interactions and stimulation of kinase activity. 
While there is an abundance of biochemical evidence for Ku80 C-
terminus/DNAPKcs interactions, structural data are lacking.  As previously stated, the 
sheer size of DNA-PKcs makes obtaining any information about structure difficult to 
obtain and even harder to interpret.  However in-depth analyses in the few structural 
studies that have been completed provide insight into the nature of these potential 
interactions.  The first piece of data we should consider is that the crystal structure of 
DNA-PKcs discussed above was solved in the presence of the C-terminus of Ku80 
spanning residues 539-732
44
.  In fact DNA-PKcs did not crystallize in the absence of the 
C-terminus.  The authors suggest that this is indicative of a role for the C-terminus in 
stabilizing DNA-PKcs conformations.  Further, small angle X-ray scattering data indicate 
upon DNA-PK/DNA-PK synaptic complex formation (See Figure 1) the C-terminus of 
Ku80 becomes extended enough to interact with the DNA-PKcs molecule on the opposite 
site of the break
48
.  This study also indicates that an extensive interaction interface exists 
between the core DNA binding/dimerization domain of Ku and DNA-PKcs.  This 
suggests that multiple protein/protein interactions exist between Ku and DNA-PKcs that 
do not involve the Ku80 C-terminus, however whether the Ku80 C-terminus is required 
to allosterically modulate these interactions remains unknown.  
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1.7 DNA/DNA-PK Interactions 
Less well characterized, but equally important to understanding DNA-PK 
biochemistry, are the DNA/DNA-PK interactions.  Multiple electron microscopy studies 
and atomic force microscopy studies have determined that DNA-PKcs interacts with the 
terminus of dsDNA
29,49,50
.  This is consistent with the DNA binding activities of its 
binding partner Ku which does not interact with circular DNA but instead only interacts 
with dsDNA termini.  Interestingly, data obtained from surface plasmon resonance 
analysis suggests that DNA-PKcs in the absence of Ku shows preferential DNA binding 
of some terminal DNA structures with non duplexed single stranded bases
51
.  This same 
group using highly sensitive photo cross-linking methods determined that major DNA-
PKcs-DNA interaction sites are confined to the most terminal 10 bases
38
.  It should be 
noted however, that the DNA substrates used in these experiments were 32 base pairs and 
thus differences in binding may be observed on longer substrates that are less 
constricting.   
How these interactions influence DNA-PK activity has been a significant research 
interest in our lab.  We were the first to report that subtle changes in DNA sequence and 
structure can have profound influences on DNA-PK activation.  Using relatively short 
DNA substrates of 30 base pairs or less, we determined that DNA-PK is preferentially 
activated by duplex ends containing a 3’ pyrimidine-rich and 5’ purine-rich strands52.  
The role of single strand overhangs adjacent to duplex DNA was also investigated and 
interestingly distinct roles for both 5’ and 3’ DNA overhangs were identified53.  5’ single 
stranded overhangs seem to preferentially stimulate DNA-PK activity.  The role of 3’ 
single stranded overhangs is slightly more complex in that these stimulate synaptic 
20 
 
complex formation through DNA micro-homology mediated end tethering.  The 
formation of this synaptic complex in and of itself stimulates kinase activity
53
.  Together 
these data suggest that multiple factors concerning DNA including sequence influence 
stimulation of DNA-PK.     
Interesting structural studies have shown that DNA/DNA-PKcs interactions 
influence protein complex confirmations.  Multiple lines of evidence suggest that DNA-
PKcs molecules interact across DNA termini during NHEJ and are discussed below.  
Using small angle X-ray scattering Hammel and colleagues found that when bound to 
40base pair DNA containing hairpin structures, DNA-PKcs dimers interact through their 
respective head domains
48
.  In contrast, upon binding to DNA with non-complementary 
terminal bases often termed “Y” DNA, DNA-PKcs dimers interact through their large 
ring domains.      
1.8 Downstream phosphorylation targets of DNA-PKcs 
Efficient activation of DNA-PK is critical for NHEJ and the DDR
1
.  Thus far over 
700 targets of DNA-PK phosphorylation have been identified, many of which contain the 
S/T-Q consensus sequences
54
, however several important signaling sites have been 
identified outside of these consensus sequences
55
.  Many of the proteins involved in 
NHEJ, including Ku, have been shown to be phosphorylated by DNA-PK, however 
mutating these sites results in no marked change in NHEJ as measured by radio-
sensitivity
56
.  The notable exception to this is DNA-PKcs itself which has been shown to 
undergo trans-autophosphorylation at over 30 sites and phosphorylation of these sites has 
distinct influences on NHEJ and DDR
54,57,58
.  For example phosphorylation of the 
ABCDE cluster centering on S2056 promotes end processing of the DNA termini which 
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has been suggested to open the protein/DNA complex to allow proteins to access the 
DNA.  Conversely phosphorylation of the PQR cluster has been suggested to limit end 
processing by sterically hindering the DNA termini from processing.  Phosphorylation of 
these clusters also appears to have opposing roles in DSB repair pathway choice as 
phosphorylation of the ABCDE cluster promotes NHEJ while phosphorylation of the 
PQR cluster promotes HR
19
.  Further complicating DNA-PKcs auto-regulation is the 
recently identified N and T sites which ablate kinase activity upon 
autophosphorylation
19
.  Whether these and other distinct signaling events result from 
responses to specific DNA lesion structures or as a response to other cellular processes 
such as cell cycle, remains unknown.  
Replication protein A (RPA) is a heterotrimeric, ssDNA binding protein 
consisting of 70, 32, and 14 kDa subunits which is also a downstream phosphorylation 
target of DNA-PK
55
.  Due to its ability to bind ssDNA, RPA has been shown to be 
involved in several nuclear pathways including DNA replication and DNA repair
2
.  In 
terms of the repair of double strand breaks, RPA has been shown to play an integral role 
in HR.  As mentioned above recent work demonstrates that DNA-PK has been implicated 
in playing a major role in HR through autophosphorylation.  Additionally DNA-PK 
targeting of RPA may regulate HR.  At least 7 sites located at the N-terminus of RPA 32 
undergo phosphorylation during the DNA damage response.  The phosphorylation status 
regulation of each of said sites and their influence on the neighboring sites within the N-
terminus have recently been elucidated by Oakley and colleagues
55
.  Using in vivo and in 
vitro data they show that Serine 4 and Serine 8 are phosphorylated by DNA-PKcs.  The 
phosphorylation of these serines significantly stimulates the phosphorylation of Ser12 by 
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ATM and DNA-PKcs while moderately stimulating the phosphorylation of Ser 33 by 
ATR.  These phosphorylation events in RPA likely play a major role in regulating ATR 
activity which in and of itself is a major regulator of the HR pathway.  Besides regulating 
ATR activity there are important cellular consequences of RPA hyperphosphorylation 
following DNA-PKcs activation.  A recent study showed that RPA interacts with the 
tumor suppressor p53; however, this interaction is ablated upon hyperphosphorylation of 
RPA 32 at the N-terminus by DNA-PK
59
.  In this study the authors provide a model in 
which the dissociation of RPA and p53 may be important for RPA to function in DNA 
repair pathways.  Others have shown that RPA 32 hyperphosphorylation facilitates NHEJ 
by suppressing sister chromatid exchanges
60
.   
DNA-PK has also been shown to phosphorylate p53 on serine 15 and serine 37
61
.  
Under basal conditions p53 levels in the cell remain low and p53’s transcriptional activity 
are inhibited through its interaction with Mdm2.  The phosphorylation sites targeted by 
DNA-PK are located in p53’s activation domain and upon phosphorylation, the 
interaction of p53 and Mdm2 is ablated thus releasing p53 from its Mdm2-mediated 
inhibition.  Activation of p53 leads to the expression of several cell cycle arrest and DNA 
repair factors.  Thus p53 is an important downstream target of DNA-PK which signals to 
the cell that a DSB has occurred.     
1.9 Significance  
Owing to the importance of DNA-PK in response to DSBs, I sought to better 
understand the factors which influence DNA-PK activation.  The major contributors to 
this activity thus far identified are protein-protein interactions and protein-DNA 
interactions.  As discussed in detail above, evidence suggests that the C-terminus of Ku80 
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may play a major role in DNA-PK holoenzyme formation, however the location of 
potential protein-protein interactions and their influence is debated.  Protein structure-
function studies provide significant insight into biochemical mechanisms.  This 
investigation used this approach in order to determine which of the structurally distinct 
regions of the Ku80 C-terminus influence DNA-PK activation.  Even less well 
understood are the protein-DNA interactions which influence DNA-PK activation.  Our 
lab has published that the structure and sequence of DNA can modulate DNA-PK 
activity.  This is of great interest because DNA-PK must respond to a large variety of 
DNA structures and sequences in order to efficiently repair DSBs.  How this is 
accomplished by one protein complex remains unknown.  Here I define the mechanism 
by which DNA-PK is modulated by various DNA substrates through a variety of protein-
protein interactions involving the C-terminus of Ku80 and protein-DNA interactions 




2.  Materials and Methods 
2.1 Ku Mutant Design  
The C-terminal region of Ku80 contains 3 distinct structural regions
36
.  A 
disordered linker region exists between amino acids 550 and 594.  Amino acids 595-704 
fold into a helical bundle and an additional disordered region is found at the extreme C-
terminus from amino acids 705-732.  Ku80 mutants were designed to specifically delete 
these distinct structural features.  Mutants will be referred to by their last amino acid.  For 
example the 550 mutant contains only amino acids 1-550 and does not contain amino 
acids 551-732.  The 704 mutant did not contain a disordered region at the extreme C-
terminus while the 594 mutant did not contain this disordered region or the helical 
bundle. 
2.2 Ku Mutant Construction 
 
WT Ku80 and the 550 mutant constructs were already available in the lab and 
were used in this study with no notable changes
62
.  Site-directed mutagenesis was used to 
insert stop codons into the Ku80 sequence to yield the desired C-terminal deletion 
constructs using standard PCR techniques.  Parental plasmid containing WT Ku80 gene 
was pFastBac1 and was used to generate the 704 and 594 mutants (Invitrogen).  Primer 
sequences can be found in Table 1. 100µl PCR reactions were used containing ~250ng of 
each primer, 200µM dNTPs, 250ng of template DNA (pFastBac1-Ku80), 10µl of 10x Pfu 
buffer, and 5 units of Pfu polymerase.  Reactions were cycled sixteen times for 30 
seconds at 95
o
C, 1 minute at 55
o
C, and 10 minutes at 68
o
C.  After the sixteenth cycle, 
incubation was continued at 68
o
C for an additional 10 minutes.  Following PCR, products 
were transformed into XL1-blue competent E.coli cells.  1µl of PCR product was added 
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to 14μl of sterile water.  DNA was then added to 200μl of bacteria cells and placed on ice 
for 20 minutes.  Tubes were heat shocked for 45 seconds at 42
o
C.  Following heat shock 
cells were placed back on ice for an additional 2 minutes.  1ml of LB broth was added to 
tube and incubated at 37
o
C for 1 hour with shaking.  Transformation reactions were then 
diluted and plated on LB agar plates complemented with ampicillin.  Following overnight 
incubation at 37
o
C, colonies were picked and 5ml LB tubes were inoculated.  Mini preps 
were completed to isolate plasmid DNA according to manufactures instructions (Qiagen).  
Correct insertion of desired codons was completed using T7 forward and reverse primers 
provided by Indiana University DNA Sequencing Core Facility.     
Once insertions of stop codons were confirmed from DNA sequencing, 
pFastBac1-Ku80-594 and pFastBac1-704 were transformed into DH10Bac E. coli cells 
which contain a Bacmid genome (Invitrogen Bac-to-Bac Baculovirus Expression 
System).  Transformation into DH10Bac cells can completed as before except that S.O.C. 
media was used following the heat shock and transformations were plated on LB agar 
plates containing 50µg/ml kanamycin, 7µg/ml gentamicin, 10µg/m tetracycline, 
100 g/ml X-gal and 40µg/ml IPTG.  Plates were incubated for 48 hours at 37
o
C and 
white colonies were picked for analysis by PCR.  Bacmid DNA was purified using 
PureLink HIPure Plasmid Miniprep Kit according to manufactures instructions 
(Invitrogen).   
Recombinant bacmid DNA was then transfected into SF9 insect cells using 
Bacfectin.  1x 10
6 
cells were plated in a 35 mm dish an allowed to adhere to plate for 1 
hour at 27
o
C.  Media was removed and cells were washed with serum-free media and 
incubated for an additional 30 minutes.  2µg of bacmid DNA was diluted into a final 
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volume 96µl with sterile water.  4µl of Bacfectin was added to the diluted DNA and 
incubated at room temperature for 15 minutes. The mixture was added dropwise to the 
cells while gently swirling.  Transfected cells were incubated at 27
o
C for 5 hours before 
media containing 10% FBS protein was added.  Following addition of media containing 
serum, cells were incubated at 27
o
C for 72 hours to allow production of viruses and the 
tissue culture supernatant was collected and saved in sterile tubes.   
Recombinant virus clones were isolated from the virus containing supernatant via 




.  1x 10
6
cells were plated in 
each well in a 6 well-35mm dish.  100µl of virus dilutions were added to each well and 
incubated for one hour at room temperature.  Sterile 4% low melting agarose was melted 
and diluted with Grace’s media to a final dilution of 1%.  Diluted virus inoculums were 
removed and 1.5 ml of the 1% agarose/media mixture was added to each well.  Following 
media solidification 1ml of Grace’s media was added on top of the agarose.  Cells were 
incubated for 5 days at 27
o
C.  Media was removed and 1ml of 0.03% neutral red dye 
diluted in sterile PBS was added on top of the agarose and incubated at room temperature 
for one hour.  Dye was removed from plates and dishes were inverted and stored 
overnight in the dark to allow plaques to clear.  Plaques appearing as clear were picked 
using a glass Pasteur pipettes and resuspended in 1ml of Grace’s media.  Viruses were 
allowed to diffuse out of agarose plug overnight and the resulting supernatant was termed 
as the primary virus.  Isolated virus was then amplified to generate a passage one viral 
stock by infecting 5 x 10
5
 SF9 cells in 6-well dishes for five days and removing 
supernatant.  The resulting P1 virus was further amplified until a P3 viral stock was 
generated.  Following each amplification, cells lysates were analyzed by western blot to 
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ensure that cells were expressing the Ku80 contructs.  The titer of the P3 viral stock was 
determined via plaque assay as before however virus was serial diluted further and 




.  Resulting plaques were counted and titers 
were determined using the following equation.   
Titer ____(pfu/ml) = (average number of plaques * 10) / (dilution factor)  
Determining an accurate titer of the Ku80 constructs viruses was critical for 
protein production. Titers for P3 stocks typically ranged from 5 x 10
7 
to 1.5 x 10
8
pfu/ml.   
2.3  Protein expression of Ku70/80 
 
Ku80 protein constructs were coexpressed with Ku70 and purified at a desired 
ratio of 1:1 therefore it was necessary to infect SF9 cells at the same multiplicity of 
infection (M.O.I.)  Using titrations we determined that the optimal M.O.I. for Ku 
expression in SF9 cells is 10.  P3 stocks of each of the Ku80 constructs (WT, 704, 594, 
and 550) were used in co-infections of SF9 cells with P3 stocks of Ku70 virus.  
Following infection or 100ml of cells at 1 x 10
6 
cells/ml, SF9 cells were incubated for 48 
hours at 27
o
C.  Infected cells were pelleted at 4,000 x g at 4
o
C for 15 minutes.    
 
2.4 Protein Purification 
2.4.1 Purification of Ku70/80 
 
In total four different Ku constructs were expressed and purified from SF9 cells.  
These constructs only differed in the C-terminal region of Ku80 and the same purification 
scheme was used for all Ku purifications.   
Pelleted cells were resuspended in 15 ml of Extraction Buffer containing: 50mM 
sodium phosphate (pH 7.8), 1M potassium chloride, 10% glycerol, 0.25% Triton X-100, 
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7mM 2-mercaptoethanol, and 20mM imidazole.  Importantly, all buffers used in 
purifications were supplemented with protease inhibitors (0.5mM PMSF and 1µg/ml each 
of leupeptin and pepstatin).  Resuspended cells were then dounce homogenized and 
sonicated at micro-tip limit (50%) for 5 pulses on ice.  The solution extract was then 
sedimented at 10,000 x g at 4
o
C for 30 minutes and cell free extract collected for 
purification.   
Ku70 constructs were designed to contain a N-terminal hexa-histidine tag to 
simplify purification.  Accordingly, cell free extracts were loaded onto a 2ml NTA-Ni 
column and flow through was collected.  The flow through was then loaded onto the 
column again to increase protein concentration.  The column was then washed with 5 
column volumes (10ml) of Extraction Buffer with 10mM imidazole to wash away 
unwanted proteins.  Protein was then eluted off column with Extraction Buffer 
supplemented with 350mM imidazole and fractions were collected in 1ml aliquots using 
a fraction collector.  The fractions containing the highest protein concentrations were 
determined via Bradford assay using standard techniques.  Fractions containing 
significant amounts of protein were further analyzed via SDS-PAGE with coomassie 
staining.  Due to the “bump” nature of the elution, peaks tended to cluster in 3ml of 
elution.  Peak fractions were polled and dialyzed overnight in Buffer A containing: 
25mM Tris (pH8.0), 75mM potassium chloride, 10% glycerol, 0.005% Triton X-100, and 
2mM dithiothreitol (DTT).  
After at least 12 hours of dialysis, protein was removed from dialysis and loaded 
onto a 2ml Q-Sepharose column equilibrated in Buffer A at 0.5ml per minute.  Column 
was then washed with 5 column volumes (10ml) of Buffer A.  To eluted the protein from 
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the column, a linear salt gradient was used from a 75mM potassium chloride and ending 
with 1M potassium chloride Buffer A in ten column volumes (20ml).  The elution was 
collected in 1ml fractions and the protein was analyzed via Bradford assay.  Peak 
fractions were analyzed using SDS-PAGE and coomassie staining.  Fractions with the 
most pure Ku at the highest concentrations were pooled and dialyzed in a final hepes 
buffer containing: 20mM Hepes (pH 7.0), 75mM potassium chloride, 10% glycerol, 
0.005% Triton X-100, and 2mM DTT.       
2.4.2 Purification of DNA-PKcs 
 
 Our lab has used several schemes to purify heterotrimeric DNA-PK to varying 
degrees of success.  In all of the experiments described in this investigation, it was 
essential that DNA-PKcs be purified free from WT Ku70/80.  Thus the method I used 
was unique in order to obtain purified DNA-PKcs.  It should also be noted that this 
scheme gave us the most active DNA-PKcs in terms of kinase activity of any other 
attempted in the Turchi Lab.  To date there is no over-expression system for DNA-PKcs 
and thus it was purified from Hela cell pellets.  Unlike other purification schemes for 
DNA-PK which may require using between 15 and 40 liters of cells, we found that using 
significantly less cells, ~4L Hela pellets containing 4 x 10
9
 cells, was optimal.  In 
addition we found that cell pellets purchased from the National Cell Culture Center 
yielded more active DNA-PKcs than what we were able to obtain from cells we grew 
ourselves.  Cell pellets were resuspended in 26ml of hypotonic buffer containing 10mM 
Tris-HCl (pH8.0), 1mM Ethylenediaminetetraacetic acid (EDTA), and 5mM DTT and 
incubated on ice for 20 minutes.  All buffers were complemented with protease inhibitors 
with final concentrations of 0.5mM PMSF and 1µg/ml each of leupeptin and pepstatin.  
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Following incubation, resuspended cells were dounce homogenized with 10-20 strokes of 
a tight pestle.  Lysate was then incubated at 4
o
C and 26ml of high salt buffer containing 
50mM Tris-HCl (pH 8.0), 10mM magnesium chloride, 2mM DTT. 25% sucrose, and 
50% glycerol was added dropwise with gentle stirring.  3ml of saturated ammonia methyl 
sulfate was added with gentle stiring and incubated for 30 minutes at 4
o
C.  The lysate was 
sedimented at 30,000 rpm for 1 hour at 4
o
C.  The supernatant was then dialyzed 
overnight without potassium chloride in Buffer A.  Buffer was changed twice with 
approximately 5 hours in each condition.  A total volume of 4 liters was used in this 
dialysis.   
 The following morning lysate was spun for 15 minutes at 10,000 rpm in a JA-14 
rotor.  The supernatant was then loaded onto a 50ml cyanogen bromide DNA- Sepharose 
column.  Importantly the DNA attached to the sepharose beads was obtained from calf 
thymus and was platinated.  This column was run in tandem with a 1ml DEAE column to 
remove DNA.  Flow through was collected and run over column again at 3.5ml/min.  
Column was washed with 250ml of Buffer A containing 75mM potassium chloride.  
DNA-PK was eluted from column using 500ml of Buffer A containing 0.5M potassium 
chloride.  10ml fractions were collected and were individually assays for protein 
concentration and DNA-PK kinase activity using Bradford assays and Signatech DNA-
PK Kinase assay respectively.  Signatech DNA-PK Kinase assay was performed 
according to manufacturer’s instructions.  Due to the bump nature of the elution, peak 
DNA-PK fractions tended to be just over 1 column volume of the elution as would be 
expected.  Peak fractions were pooled and dialyzed overnight in Buffer A containing 
50mM potassium chloride. 
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 The following day sample was removed from dialysis and loaded onto a 10ml 
heparin column equilibrated with 50mM potassium chloride Buffer A at a flow rate of 
3ml/min.  Column was then washed with 50ml of Buffer A containing 50mM potassium 
chloride at a flow rate of 3 ml/min.  Protein was eluted off the column using a 100ml 
linear gradient starting at 50mM potassium chloride and ending at 0.6M potassium 
chloride both in Buffer A.  3ml fractions were collected and assayed for protein 
concentration and kinase activity.  Unlike with the fractions assayed from the 50ml DNA 
column, the heparin fractions were assayed using our standard kinase assay method 
detailed below.  Importantly Ku was complemented into the reactions and salmon sperm 
DNA (675ng) digested with EcoRI and BamHI was used to stimulate the kinase.  Peak 
fractions tended to center around 350mM potassium chloride in the elution.  During the 
analysis of this column, kinase activity was the major determinant of peak fractions 
because DNA-PK concentration is relatively low at this point of the purification.  Peak 
fractions were dialyzed overnight in Buffer B containing 10mM potassium phosphate 
(pH 7.5), 50mM Tris (pH 7.5), 10% glycerol, and 1mM DTT.          
     The following day sample was removed from dialysis and loaded onto a 5ml 
hydroxyapatite column at a flow rate of 0.5ml/min.  Column was washed with 25ml of 
Buffer B containing 10mM potassium phosphate.  Protein was eluted from column using 
a 50ml linear gradient starting at 10mM potassium phosphate and ending at 500mM 
potassium phosphate in Buffer B.  Fractions were collected in 0.75ml aliquots and 
assayed for protein concentration and kinase activity.  Again the kinase activity was the 
major factor in determining peak fractions.  This column is used to separate Ku from 
DNA-PKcs and thus fractions were assayed for kinase activity under conditions with and 
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without Ku complementation.  Importantly, fractions which were most stimulated by the 
addition of exogenous Ku were determined to be peak fractions and were pooled.  
Sample was then dialyzed in a final hepes buffer containing 20mM Hepes (pH=7.0), 
75mM potassium chloride, 10% glycerol, 0.005% Triton X-100, and 2mM DTT. 
2.5 Electrophoretic mobility shift assays (EMSA)  
 In order to ensure that equal amounts of Ku were used in kinase assays, EMSAs 
were performed to determine the DNA binding activity of WT Ku and the mutants.  
EMSAs were performed in 20µl reactions containing 50mM sodium chloride, 10 mM 
Tris-HCl, 10mM magnesium chloride, 1mM DTT, and 300fmol of 5’ radiolabeled 
double-strand 30mer DNA with varying amount of Ku.  Protein-DNA complexes were 
separated on a 6% non-denaturing polyacrylamide gel and visualized using 
phosphorimager radiography.    
2.6 SDS-PAGE and Western Blot Analysis 
 Protein samples were separated by SDS-PAGE using 8% Tris-glycine gel 
according to manufacturer’s instructions (Invitrogen).  Gels were either stained with 
Coomassie Blue or transferred to Immobilon-FL membranes (Millipore, Bedford, MA), 
probed and then visualized using chemiluminescent detection, and the LAS-3000 
imaging system (FujiFilm) was used to document and quantify blots.  Relevant 
information regarding antibodies used for western blot analysis are as follows: Ku70, 
NeoMarkers, catalog number MS-329-P1; Ku80, NeoMarkers, catalog number MS-285-
P1; DNA-PKcs, Calbiochem, catalog number PC127.   
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2.7  DNA-PK kinase assays 
Kinase assays were performed at 37º C in a final volume of 20µl containing 20 
mM HEPES, pH 7.5, 8 mM MgCl2, 1 mM DTT, 5 % glycerol, 125 µM ATP, [γ-
32
P] ATP 
(0.5µCi), 42.4ng of DNA-PK, 500 µM p53 synthetic peptide and varying amounts of 
DNA.   Reactions with 30bp and 60bp substrates were performed with 500fmol of DNA 
per reaction to a final concentration of 25nM while reactions with ~400bp and plasmid 
DNA were performed with 154fmol of DNA. Single stranded oligonucleotides were 
purchased from Integrated DNA Technology (IDT, Coralville, IA, USA).  DNA 
sequences of oligonucleotides are shown in Table 1.  154fmol of ~400bp substrates and 
plasmid DNA were used in kinase assays.  The ~400bp substrates were purchased as 
double stranded “gBlocks” Gene Fragments from IDT.  The sense strand of these 
sequences is reported in Table 2.  The single stranded overhangs are highlighted in red.  
The blunt ended substrate is 421bp.  To generate the 5’ overhangs the Blunt-ended 
gBlock was digested with EcoRI.  The 3’ overhangs were generated with KpnI digestion.  
G50 columns were used to separate the 397bp digested DNA from the terminal 
fragments.  Kinase assays performed with plasmid DNA were completed with pcDNA3.1 
(XhoI, BamHI, EcoRV, and KpnI) and pCAG-GFP (XbaI and EcoRI) digested with the 
indicated restriction enzyme (New England Biolabs).  High fidelity versions of the 
restriction enzymes were used when applicable.  The specific sequences recognized by 
the restriction enzymes are shown in Table 3.  Arrows indicate location of cleavage.  To 
ensure complete digestion reaction products were analyzed by native agarose gel 
electrophoresis and enzymes were heat inactivated prior to use in kinase assays.  Kinase 
assay reactions were initiated with addition of ATP, incubated at 37ºC for 30 minutes and 
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terminated by addition of 20µl of 30 % acetic acid.  Reactions products were spotted on 
P81 phosphocellulose cation exchange filter paper.  The paper was washed three times, 5 
minutes each, in 15 % acetic acid and allowed to dry.  Samples were quantified by 
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4 Base 5’ TGCACACTTCCAACAGAGGTGACAC
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421 None TGA CAT TGA ATT CTC TCC ACC ATA TGG AAT TTG 
ATT ATG TAA TAT GCG AAG AAT GTG GGA AAG 
AAT TTA TGG ATT CTT ATC TTA TGA ACC ACT TTG 
ATT TGC CAA CTT GTG ATA ACT GCA GAG ATG 
CTG ATG ATA AAC ACA AGC TTA TAA CCA AAA 
CAG AGG CAA AAC AAG AAT ATC TTC TGA AAG 
ACT GTG ATT TAG AAA AAA GAG AGC CAC CTC 
TTA AAT TTA TTG TGA AGA AGA ATC CAC ATC 
ATT CAC AAT GGG GTG ATA TGA AAC TCT ACT 
TAA AGT TAC AGA TTG TGA AGA GGT CTC TTG 
AAG TTT GGG GTA GTC AAG AAG CAT TAG AAG 
AAG CAA AGG AAG TCC GAC AGG AAA ACC GAG 
AAA AAA TGA AAC AGA AGA AAT TTT AGT AGG 
GAT CCG TGG ATT G AA TTC CCT CCG A  
 KpnI 
gBlock 
397 4 base 3’ CTT TCC ACC ATA TGG AAT TTG ATT ATG TAA TAT 
GCG AAG AAT GTG GGA AAG AAT TTA TGG ATT CTT 
ATC TTA TGA ACC ACT TTG ATT TGC CAA CTT GTG 
ATA ACT GCA GAG ATG CTG ATGATA AAC ACA AGC 
TTA TAA CCA AAA CAG AGG CAA AAC AAG AAT ATC 
TTC TGA AAG ACT GTG ATT TAG AAA AAA GAG AGC 
CAC CTC TTA AAT TTA TTG TGA AGA AGA ATC CAC 
ATC ATT CAC AAT GGG GTG ATA TGA AAC TCT ACT 
TAA AGT TAC AGA TTG TGA AGA GGT CTC TTG AAG 
TTT GGG GTA GTC AAG AAG CAT TAG AAG AAG CAA 
AGG AAG TCC GAC AGG AAA ACC GAG AAA AAA 
TGA AAC AGA AGA AAT TTT AGT AGG GAT CCG TGG 
ACC GGT AC 
EcoRI 
gBlock 
397 4 base 5’  AATT CTC TCC ACC ATA TGG AAT TTG ATT ATG 
TAA TAT GCG AAG AAT GTG GGA AAG AAT TTA 
TGG ATT CTT ATC TTA TGA ACC ACT TTG ATT TGC 
CAA CTT GTG ATA ACT GCA GAG ATG CTG ATG 
ATA AAC ACA AGC TTA TAA CCA AAA CAG AGG 
CAA AAC AAG AAT ATC TTC TGA AAG ACT GTG 
ATT TAG AAA AAA GAG AGC CAC CTC TTA AAT 
TTA TTG TGA AGA AGA ATC CAC ATC ATT CAC 
AAT GGG GTG ATA TGA AAC TCT ACT TAA AGT 
TAC AGA TTG TGA AGA GGT CTC TTG AAG TTT 
GGG GTA GTC AAG AAG CAT TAG AAG AAG CAA 
AGG AAG TCC GAC AGG AAA ACC GAG AAA AAA 
TGA AAC AGA AGA AAT TTT AGT AGG GAT CCG 
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Table 2. ~400 base pair DNA Substrate Sequences.  Top strands of substrates are 
shown.  Reactions were completed with their respective complements.  Non-duplexed 


























Table 3. Sequences Recognized by Restriction Enzymes Used.  Arrows indicate sites 





We and others have previously reported that the C-terminus of Ku80 is 
dispensible for Ku/DNA binding.  In order to control for slight variations in binding 
activity which may occur between protein purifications, equal amounts of active Ku was 
used in each reaction, measured as the amount necessary to bind 50fmol of DNA.  
Titration experiments were performed and demonstrate that these concentrations of Ku 
and DNA were in excess and DNA-PKcs is the limiting factor.  
2.8 DNA-PK DNA Binding/Recruitment Assay 
2pmol of 5’ biotinylated 30mer top annealed to 30mer bottom DNA was bound to 
streptavidin coated wells of a 96 well plate overnight at 4
o
C in 100µl of Hepes Buffer.  
Wells were then blocked with 200µl of 2% BSA in TBS/Tween for 1 hour at room 
temperature.  1pmol of WT and Ku mutants was added to DNA coated wells with 424ng 
of DNA-PKcs in a total volume of 100µl of Hepes Buffer.  Protein complexes were 
allowed to bind DNA at room temperature for 1 hour.  The supernatant was removed and 
again wells were blocked with 200µl 2% BSA in TBS/Tween for 1 hour at room 
temperature to avoid non-specific antibody binding.  100µl 2% BSA in TBS/Tween and a 
1:750 diluted primary antibody specific for DNA-PKcs (Calbiochem Catalog number 
PC127) was added to each well and incubated at room temperature for 1 hour.  Then 
wells were washed with 200µl of 2% BSA in TBS/Tween three times for 5 minutes each.  
100µl of 1:2500 diluted goat anti-rabbit HRP secondary antibody in 2% BSA in 
TBS/Tween was added to each well and incubated for 1 hour at room temperature.  Wells 
were then washed again three times with 200µl of 2% BSA in TBS/Tween for five 
minutes in each wash.  100µl of 1-Step TMB ELISA reagent was added to each well and 
plate was immediately read at 37
o
C at wavelength of 370nm every 5 minutes for 60 
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minutes total.  Average change in optical density at 370nm per minute is reported at 15 
minutes.  Each condition is reported as an average of triplicates.   
2.9 Host Cell Reactivation Assay 
Linearized pCAG-GFP was used in a host cell reactivation assay as pervious 
reported with only minor differences
63
.  The same linearized plasmid was used for kinase 
activation and was linearized by indicated restriction enzyme digestion as recommended 
by manufacturer (New England Biolabs).  Covalently closed circular pCAG-Red was 
used as a transfection control in all experiments.  All transfections were completed using 
2ug of indicated plasmid DNA and at least 100 cells were counted in each condition.  
Images were captured and evaluated 48 hours after transfection as previously reported
63
.  
Results reported are the average of 6 independent transfections.  
2.10 Statistical Analysis 
All statistical analysis was completed using Sigma Plot 11.0 software using a 
Student’s t- test.  The P<0.05 was used as a significance threshold for all tests unless 
otherwise indicated.  All statistical analyzes of kinase assays used an n=3.     
2.11 Protein Structure Prediction 
 Disordered protein regions and sites of protein/protein interactions were 
predicted using PONDR software (http://www.pondr.com)
64
 with VSL1 and VLXT 
algorithms using Ku80 accession number AAA36154.1  GI:307094.  
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3. Different Structural Regions of the Ku80 C-terminus Influence DNA-PKcs 
Activity Depending on the Structure of the DNA Substrate 
3.1 Introduction 
Due to its importance in DNA repair and the DDR we sought to better understand 
the basic mechanism of DNA-PK activation.  The two primary components contributing 
to DNA-PK activation are protein/protein and protein/DNA interactions.  While 
obviously not mutually exclusive, previous studies have investigated them as such.  For 
several years the protein/protein interactions have been under investigation and C-
terminal region of Ku80 has been implicated in DNA-PK stimulation
21,45
.  Strong 
evidence for stimulatory interactions between the extreme C-terminus of Ku80 (amino 
acids 720-732) and DNA-PKcs has been reported in vitro and in vivo
43,46
.  Further, this 
interaction was reported to be indispensable for DNA-PK activity.  More recent 
investigations, however, have shown that the C-terminus of Ku80 plays a stimulatory role 
in DNA-PK activation but these interactions are not essential for activation
47
.  In fact, in 
the absence of the Ku80 amino acids 599-732, DNA-PKcs still retains 56% of the WT 
levels of kinase activity
47
.  While Ku80 C-terminus/DNA-PKcs interactions may 
stimulate DNA-PK activity, we have reported that they are not sufficient for activation 
thus other Ku70/80/DNA-PKcs interactions independent of the C-terminus of Ku80 must 
contribute to activation
62
.  In accordance with this observation, structural analysis reveal 
an extensive interface between the core of the Ku70/80 dimer and DNA-PKcs
48
.  It is 
likely that these interactions as well as those involving the C-terminus of Ku80 are 
necessary for maximum activity of DNA-PK.  The protein/DNA interactions are equally 
important in DNA-PK activation as DNA is an essential substrate required for activation.  
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Cross-linking experiments suggest that DNA-PKcs binds primarly to terminal 10 bp of 
DNA while the Ku dimer interacts with the adjoining 14 bases
65
.  Our group was the first 
to report that relatively small changes in the structure of the DNA substrate result in 
drastic differences in complex formation and DNA-PK activation 
52,53
.  Interestingly, 
structural data has revealed differences in DNA-PKcs/DNA-PKcs interactions which 
occur across the synapse of the DSB when these proteins are bound to different DNA 
termini
48
.   
It should be noted that recently an investigation has revealed that DNA-PKcs can 
be activated in the absence of both DNA and Ku when it is bound by an N-terminal 
antibody
66
.  However, this does not change the model of DNA-PK activation being 
dependent on both protein/protein interactions and protein/DNA interactions but instead 
highlights the importance of the N-terminus of DNA-PKcs in activation.  This 
interpretation shared by the author suggests that the antibody provides N-terminal 
constraint on the catalytic subunit which likely occurs via interactions with Ku and DNA 
in vivo and in vitro
66
.   
In order to better understand how protein/protein and protein/DNA interactions 
influence DNA-PK activation, we created and purified Ku80 C-terminal truncation 
mutants based on structural data and predicted disordered protein regions.  We found that 
different structural regions of the Ku80 C-terminus are involved in stimulating DNA-PK 
activity and are dependent on the structure of the DNA substrate to which the complex is 
bound.  Importantly, the Ku80 C-terminus was not found to influence DNA-PKcs 
recruitment/binding to DNA suggesting that it influences catalysis and not complex 




Despite the fact that structural data exists for Ku70/80 core, the Ku80 C- terminal 
region, and DNA-PKcs, clear structure/function relationships involved in the DNA-PK 
holoenzyme formation are still undefined.  Accordingly, we designed a series of Ku80 C-
terminal truncation constructs based on known and predicted structural features.  
PONDR, a protein software prediction tool that predicts disordered protein regions, 
identified two highly disordered regions exist in the C-terminal region of Ku80 between 
amino acids 550-594 and 704-732 (Figure 3).  Further these regions are both predicted to 
be sites of protein/protein interactions (Figure 3 see black bars).  Interestingly the 
disordered region at the extreme C-terminus has already been implicated in protein-






Figure 3. PONDR Prediction of Ku80 Structure.  Amino acid number is shown on the 
X-axis against structure score on the Y-axis.  Threshold defining disordered and ordered 
prediction is indicated by horizontal line on graph.  Dark black bars along the threshold 





To test the influence of these regions on DNA-PK activation, Ku80 truncation 
constructs were created after each of the following: the alpha helical bundle (amino acid 
704), the disordered linker domain (amino acid 594), and the core DNA binding/Ku70 
dimerization domain (amino acid 550).  The mutants are named according to the domains 
they contain.  The C-L-H mutant contains the core, linker, and helix domains.  The C-L 
mutant contains the core and linker region.  Finally the Core mutant contains the minimal 
Ku70 dimerization/DNA binding domain.  A linear representation of the constructs is 
shown in Figure 4A. These constructs along with wild type Ku80 were co-expressed 
with wild type Ku70 and purified from SF9 insect cells (Figure 4B).  A structural model 
of the Ku constructs is shown in Figure 4C. DNA-PKcs was purified from HeLa cells as 
described in the materials and methods.  I was able to purify DNA-PKcs to apparent 
homogeneity as shown in lane 9 of Figure 5A. Importantly, western blots were 
preformed with highly sensitive antibodies to ensure that no detectible endogenous wild 
type Ku is present in this purification (Figure 5B).  It should be noted that the 
hydroxyapatite column was the crucial step in separation of endogenous Ku from DNA-
PKcs as indicated in the western blot.  This step is the main difference between this 







Figure 4. Ku80 Protein Structure Prediction, Mutant Construction, and Protein 
Purification. A. Linear representation of Ku80 structural domains and mutant 
construction B. Coomassie stained gel of purified Ku and DNA-PKcs proteins used in 
this study.  All Ku80 mutants were purified with WT Ku70 which remains consistent in 
lane 1-4.  Ku80 mutants are indicated along the top of the gel.  Ku80 bands are denoted 
with red asterisks.  C.  Model of WT and Ku mutant constructs used in this study. Ku80 
depicted in dark blue and Ku70 is depicted in grey.  The structural regions of the Ku80 C-





Figure 5. DNA-PKcs Purification. A. Coomassie stained gel of samples from 
purification of DNA-PKcs.  Lanes 1-3 are samples taken from during the 50ml DS DNA 
column step of the purification.  Lanes 4-6 are samples taken from the 10ml heparin 
column step of the purification.  Lanes 7-8 are samples taken from the 5ml 
hydroxyapatite column step of the purification.  Lane 9 is the final pool of the 
purification.  B.  Western blot of the same samples from 5A.  Anti-bodies specific for 
Ku70, Ku80, and DNA-PKcs were used to visualize corresponding proteins.  Note how 
Ku70 and Ku80 are detectible in the lane 8 but not in lane 9.  This is indicative of highly 




We have previously reported that DNA-PK activation is influenced by the 
structure of the DNA substrate to which the holoenzyme is bound 
52,53
.  Thus we tested if 
distinct Ku80 structural regions contribute to differential activation of DNA-PKcs, as a 
function of DNA substrate.  Full WT levels of activation using a 30 base pair fully duplex 
DNA required the disordered linker and the helical bundle, but occurs independent of the 
extreme C-terminus as no activation was observed with Ku80 C-L and Core mutants 
while complete rescue, defined as activation levels observed with WT Ku, was observed 
with the C-L-H mutant (Figure 6A).  While the C-L-H mutant, containing both the 
helical bundle and the disordered linker, completely restores activity on the 30bp 
substrates with 4 base 5’ and 3’ overhangs, the C-L mutant containing the disordered 
linker region (amino acids 551-594) can also stimulate DNA-PKcs activity above 
background on these substrates (Figure 6B and C).  In contrast, this C-L mutant did not 
stimulate DNA-PKcs activity above background on the 30 base pair blunt substrate 
(Figure 6A) suggesting that the stimulatory effect of the single stranded overhangs (both 
3’ and 5’) partially compensate for the lack of the helical bundle.  The Core mutant did 
not stimulate kinase activity significantly above the no Ku control on 30bp substrates 
regardless of the structure of the termini (Figure 6A-C).  Results from the 30bp 
substrates indicate that C-L mutant is able to stimulate DNA-PK activity when 5’ or 3’ 
overhangs are present but not on blunt-ends (Figure 6).  This is the first demonstration of 
the DNA substrate influencing structure/function relationships involved in DNA-PK 









Figure 6. Stimulation of DNA-PKcs Activity By Different Structural Regions of the 
Ku80 C-terminus on 30bp DNA Substrates.  The same 30bp DNA sequence with blunt 
end termini (A), 4 base 3’ overhangs (B), or 4 base 5’ overhangs (C) was used to 
stimulate DNA-PK as indicated above the bar graphs.  Results are reported as pmol of 
Phosphate transferred.  Ku80 constructs was represented as follows: WT bars are white, 
C-L-H bars contain horizontal lines, C-L bars contain crosshatching, core bars contain 
diagonal lines, and no added Ku (-) bars are solid.  Averages of 3 samples are shown.  





  Interestingly the influence of the C-terminus on activation was distinct when 
reactions performed using 60bp substrates.  Intermediate stimulation was observed from 
the Core mutant using the blunt ended and 4 base 3’ overhang substrates while wild type 
levels of kinase activity were observed using the 60bp substrate with 4 base 5’ overhangs 
(Figure 7 A-C).  This suggests that the C-terminus plays a less stimulatory role in the 
presence of 60bp substrates and is completely dispensable when the complex is bound to 
60bp substrates with single stranded 5’ overhangs.  The fact that the Core mutant was 
unable to stimulate the kinase above background on any of 30bp substrates and yet can 
cause at least intermediate stimulation on all of the 60bp substrates is intriguing.  Since 
the Core mutant is capable of wild type levels of stimulation and the addition of the other 
disordered domains and helical bundle do not further stimulate the kinase, it is likely that 
these regions do not participate in stimulatory interactions on this DNA substrate.  Such 
stimulatory interaction likely do exist however, between the Core mutant and DNA-PKcs 
as the no Ku control has drastically less kinase activity compared to the Core mutant.  
The level of activation by the C-L mutant containing the disordered linker region was 
statistically indistinguishable from the WT construct (p =0.139) in the presence of 60bp 
blunt-ended substrate while only intermediate activation was observed with this mutant in 
reactions performed with the 60bp substrate with 4 base 3’ overhangs (Figure 7 A-C).  
The average activation by the C-L-H mutant is greater than the average activation by the 
WT on the 60bp blunt-ended substrate however, these difference were not shown to be 
statistically significant.  Together these data indicate that the helical bundle and 
disordered linker region are necessary for wild type levels of DNA-PK stimulation when 





Figure 7. Stimulation of DNA-PKcs Activity By Different Structural Regions of the 
Ku80 C-terminus on 60bp DNA Substrates.  The same 60bp DNA sequence with blunt 
end termini (A), 4 base 3’ overhangs (B), or 4 base 5’ overhangs (C) was used to 
stimulate DNA-PK as indicated above the bar graphs.  Results are reported as pmol of 
Phosphate transferred.  Ku80 constructs was represented as follows: WT bars are white, 
C-L-H bars contain horizontal lines, C-L bars contain crosshatching, core bars contain 
diagonal lines, and no added Ku (-) bars are solid.  Averages of 3 samples are shown.  




One possible mechanism to explain our observations of differential DNA-PK 
activation is that these result from differential DNA-PKcs-DNA binding. The role of the 
Ku80 C-terminal region in recruiting DNA-PKcs to the site of a DSB has been debated.  
While some evidence shows that the extreme C-terminus of Ku80 is necessary and 
sufficient for DNA-PKcs to bind to DNA, others show that the C-terminus has only a 
modest impact on DNA-PKcs-DNA binding 
46,47
.  We observed substantial differences 
concerning the influence of the C-terminal structural regions of Ku80 in DNA-PKcs 
activation between 30 base pair substrates and 60 base pair substrates.  Accordingly we 
asked if these differences were due to alterations in binding or catalysis.  The DNA-
dependence of the kinase suggests that kinase stimulation observed on the 60 base pair 
substrates must result from efficient DNA-PKcs-DNA binding.  Therefore, an ELISA 
based DNA-PKcs-DNA binding assay was employed using the 30 base pair blunt-end 
substrate used in Figure 6A which did not support activation in the presence of the Core 
or C-L constructs.  This DNA was bound to the well and incubated with purified Ku and 
DNA-PKcs.  Unbound protein was removed and DNA bound complexes were detected 
using a DNA-PKcs specific antibody.  Results illustrate that the presence of Ku increases 
DNA-DNA-PKcs binding up to 4 fold (Figure 8).  Each of the mutants and WT Ku were 
able to effectively recruit DNA-PKcs to DNA, and no statistically significant differences 
were observed between the mutants and WT.  The C-L and Core mutants did not 
stimulate DNA-PKcs kinase activity above background in the presence of this substrate 
(Figure 6); however, these mutants were able to recruit DNA-PKcs effectively (Figure 
8).  These data suggest the differential DNA-PKcs stimulation result from differences in 
catalysis and not differences in DNA-PKcs-DNA binding efficiency.  Further the 30 base 
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pair duplex is the most constrictive substrate in terms of lateral movement of the protein 
complex on DNA which in turn would also be expected to lead to the highest level of 
molecular crowding events.  Such events would cause the most restriction to DNA-PK-
DNA complex formation and retainment of the complex on DNA.  Despite this, Core 
mutant was able to recruit and retain DNA-PKcs on the 30 base duplex DNA at levels 
that were statistically indistinguishable from WT.  This provides strong evidence that the 






Figure 8. The Ku80 C-terminus is Dispensable for DNA-PKcs-DNA Binding.  
Results of ELISA are reported as the rate of change in absorbance at OD370nm in 15 
minutes.  Ku80 constructs was represented as follows: WT bars are white, C-L-H bars 
contain horizontal lines, C-L bars contain crosshatching, core bars contain diagonal lines, 
and no added Ku (-) bars are solid.  Averages of 3 samples are shown.  Error bars indicate 
1 standard deviation from the mean. There are no statistically significant differences 
among the Ku mutants or WT.  Each of the conditions are statistically significant from 




After demonstrating that the differences in activation between the 30bp substrates 
and the 60bp substrates are due to altered catalysis and not differences in DNA-PKcs 
recruitment to DNA, we further interrogated DNA influence on DNA-PK activation.  The 
observed effect of length led us to test the influence of significantly longer DNA 
substrates on activation relationships involving the C-terminus of Ku80.  Overall, the 
affect or the Ku80 C-terminus on DNA-PK activation was similar in reactions performed 
with blunt ended and 3’ overhang ~400bp substrates as their respective 60bp counterparts 
(Figure 9A and B).  The C-L-H mutant was able to fully activate the kinase to wild type 
levels while the C-L mutant was able to partially stimulate the kinase.  Additionally the 
Core mutant, which completely lacks the C-terminal region, can stimulate the kinase 
above background and these differences are statistically significant.  In contrast, the 
~400bp substrate containing 4 base 5’ overhangs alters the influence of the C-terminus on 
DNA-PK activation in such a way that is distinct from both 30bp and 60bp substrates 
containing 4 base 5’ overhangs (compare Figure 9C to 6C and 7C).  Here the C-L-H 
mutant is sufficient to activate DNA-PKcs to wild type levels, but in the absence of the 
helical bundle (see C-L mutant) no activation is observed above background (Figure 
9C).  Overall these data illustrate the importance of C-terminus of Ku80 on DNA-PKcs 
activation as distinct structurally defined protein regions differentially influence kinase 





Figure 9. Stimulation of DNA-PKcs Activity By Different Structural Regions of the 
Ku80 C-terminus on ~400bp DNA Substrates.  The ~400bp DNA sequence with blunt 
end termini (A), 4 base 3’ overhangs (B), or 4 base 5’ overhangs (C) was used to 
stimulate DNA-PK as indicated above the bar graphs.  Results are reported as pmol of 
Phosphate transferred.  Ku80 constructs was represented as follows: WT bars are white, 
C-L-H bars contain horizontal lines, C-L bars contain crosshatching, core bars contain 
diagonal lines, and no added Ku (-) bars are solid.  Averages of 3 samples are shown.  




Substantial differences in activation were observed between substrates of various 
lengths (Figure 6, 7, and 9).  In order to evaluate the longest DNA substrates available 
while maintaining a homogenous preparation of substrates, plasmid DNA was linearized 
with various restriction enzymes yielding blunt ends, 4 base 3’ overhangs and 4 base 5’ 
overhangs and used in kinase assays as before (Table 3).  Additionally, using these 
substrates to test DNA-PKcs activation was advantageous because it is possible assess 
their DNA repair in vivo.  Surprisingly the influence of the plasmid DNA was more 
similar to that of the 30bp substrates than the 60bp substrates.  Namely the helical bundle 
(amino acids 595-704) is necessary for wild type levels of kinase stimulation when 
substrates contained 4 base 3’ or 5’ overhangs while the presence of the disordered linker 
(amino acids 551-594) yields intermediate stimulation (Figure 10 A-C).  Two important 
differences were observed between the activation on linearized plasmid DNA and the 
~400bp substrates.  First the C-L mutant can stimulate the DNA-PKcs on 5’ overhang 
plasmid DNA but not on the 400bp 5’ overhang (Compare Figure 9C to Figure 10C).  
Second, the extreme C-terminus (amino acids 705-732) stimulates kinase activity on 
blunt-ended linearized plasmid DNA (Figure 10A) but no difference is observed on any 
other substrate tested including the blunt ended 421bp substrate (Figures 6, 7, and 9).  
This is unexpected as the extreme C-terminus (amino acids 705-732) contains the 
previously defined “PIKK interaction motif” which has been reported to be necessary and 
sufficient for Ku80/DNA-PKcs interactions
43,46
.  In contrast, our enzymatic activity data 
suggest that other interactions exist between Ku80 and DNA-PKcs as evidenced by Ku 






Figure 10. Stimulation of DNA-PKcs Activity By Different Structural Regions of the 
Ku80 C-terminus on Linearized Plasmid DNA Substrates.  The pcDNA3.1 plasmid 
with blunt end termini (A), 4 base 3’ overhangs (B), or 4 base 5’ overhangs (C) was used 
to stimulate DNA-PK as indicated above the bar graphs.  Results are reported as pmol of 
Phosphate transferred.  Ku80 constructs was represented as follows: WT bars are white, 
C-L-H bars contain horizontal lines, C-L bars contain crosshatching, core bars contain 
diagonal lines, and no added Ku (-) bars are solid.  Averages of 3 samples are shown.  




Overall, the data suggest that Ku80/DNA-PKcs interactions necessary for DNA-
PK activation cannot be defined to any one structural region of the Ku80 C-terminus 
regardless of DNA substrate.  Instead different structural regions are required for kinase 
stimulation depending on the structure of the DNA substrate to which the complex is 
bound.  A summary of the stimulatory effects of each of the structural Ku80 mutants 






Table 4. Summary of kinase assay results from Figures 6, 7, 9, and 10.  Each plus 





 These data demonstrate that the structurally defined portions of the Ku80 C-
terminus play differing roles in stimulation of DNA-PK when Ku is bound to different 
DNA substrates.  On 30bp DNA substrates the helical bundle was required for wild type 
levels of activation and when these substrates had overhangs, the linker region was also 
capable of moderate stimulation of kinase activity.  These results are likely due to distinct 
contributions from the overhangs and not due to length of the overhangs.   
Perhaps the most interesting results from this study were those obtained using the 
60bp substrates which were clearly atypical.  The activation relationships between the Ku 
mutants and DNA-PKcs remained largely unchanged between the 30bp and 60 bp 
substrates containing 3’ overhangs (Table 4).  The activation relationships concerning the 
substrates containing blunt ends and 5’ overhangs, on the other hand, changed drastically 
between the 30bp and 60bp.  On the 30bp blunt substrates, no significant activation was 
observed with the Core or C-L mutants.  On the 60bp blunt substrates however, the Core 
mutant stimulates DNA-PKcs to approximately 50% of WT levels while the C-L is 
capable of stimulating the kinase to full WT levels.  Of the many substrates tested, the 
60bp blunt end substrate was the only one in which the C-L mutant was the minimal 
construct capable of supporting full kinase activity.  60bp substrates with 5’ overhangs 
supported full levels of activation in the presence of just the Core domain suggesting that 
the entire C-terminus of Ku80 is dispensable for DNA-PK stimulation when Ku is bound 
to these specific cofactors.  This does not necessarily mean that there are no interactions 
between the various structural regions of the C-terminus and DNA-PKcs when these 
regions are present.  Such interactions could very well occur however the data presented 
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here show that these potential interactions are not influencing kinase activity.  Further 
analysis is required to distinguish whether or not these non-stimulator interactions exist 
under these conditions.  In this study only the p53 substrate was used to assess kinase 
activity.  It is possible that interactions exist that do not effect phosphorylation of this 
target but do alter activity toward another target.           
Generally, the observed differences between the 30bp and 60bp substrates must 
be attributed to substrate length.  The fact that any difference exists between these lengths 
is surprising because the 30bp substrates are longer than the minimal length required for 
DNA-PK formation as discovered via covalent cross-linking methods by Yoo and 
Dynan
38
.  We have also shown that DNA-PK activation is supported on even shorter 
lengths of DNA including 20bp substrates albeit at a lower rate.  The decreased necessity 
of the C-terminus of Ku80 in DNA-PK activation on 60bp substrates may result because 
Ku has more room for lateral movement along the DNA.  This increased movement may 
allow for stimulatory interactions between the Core domain of the Ku and DNA-PKcs 
which are restricted on shorter substrates.  An inconsistency with this model is that the C-
terminus while dispensable on 60bp substrates with 5’ overhangs is necessary for 
activation on the 400bp and plasmid substrates.  Instead is seems that the 60 base pair 
length is particularly stimulatory.  It is known that other complexes including MRN bind 
to DSBs near the terminus
67
.  There is potential that these other protein complexes could 
crowd the terminus where Ku and DNA-PKcs bind.  Therefore the 30bp substrate with 
restrictive movement may be more representative of the in vivo substrates than the 60bp 
substrates.   
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 The results from the 400bp substrates were similar to the 30bp substrates in that 
the C-L-H mutant was the minimal mutant capable of WT levels of activation.  Thus the 
extreme C-terminus is dispensable for kinase stimulation in the presence of these 
substrates.  5’ overhangs on these substrates yielded unique results in that no detectible 
stimulation occurs with the Core or C-L mutants.  These mutants were capable of at least 
moderate stimulation in the presence of ~400bp substrates with 3’ overhangs and blunt 
ends.  Typically the substrates with 5’ overhangs are more stimulatory than substrates 
with blunt ends or 3’ overhangs which makes the absence of activation with the Core and 
C-L mutants all the more interesting.   
   Kinase assays using plasmid DNA were used to further interrogate the effects of 
substrate length on DNA-PK stimulation.  Due to Ku’s terminal DNA binding activity 
and non-cooperativity of binding multiple Ku molecules on one DNA molecule, it seems 
logical that at a certain point increasing DNA length will not alter Ku’s effect on DNA-
PKcs.  The differences observed between the ~400bp and plasmid substrates suggest that 
this threshold length is beyond 400bp.  This is much longer than anyone in the field could 
have predicted because Ku binds to approximately 20bp of DNA.  Evidence suggesting 
that the complex can differentiate between 400bp substrates and plasmid DNA is quite 
remarkable.  The only other possibility to explain these observed differences is DNA 
methylation.  The 400bp substrates are produced via PCR amplification while the 
plasmid DNA substrates are purified from E. coli.  Thus the plasmid DNA is methylated 
while the 400bp substrates are not.  Considering what we know about Ku/DNA 
interactions it is more likely that methylation is contributing to the differences in DNA-
PK activation than DNA length.  This a model would show methylated DNA with blunt 
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ends would necessitate the extreme C-terminus for maximum activation while the 
stimulatory activity of the DNA methylation allows for activation with the Core and C-L 
mutants on 5’ substrates.     
The fact that the extreme C-terminus is uniquely required for maximum kinase 
activity on the linearized blunt-end plasmid is interesting.  During DSB formation, there 
are a number of ways to get overhang bases on either 3’ or 5’ strands, however there are 
fewer ways to get blunt ended DNA termini.  One such way is during DNA replication 
when the polymerase encounters a nick in the DNA backbone.  These events are further 
distinctive in that they yield one ended DSBs.  Thus the NHEJ pathway would be of little 
use to the cell in this instance as there is not another double stranded terminus for the 
blunted DNA to be joined.  Replication occurs during S-phase which is also when the 
majority of homologous recombination occurs
20
.  Thus perhaps this unique role of the 
extreme C-terminus of Ku80 in activating DNA-PKcs on blunt ended DNA allows for the 
discrimination of these potentially one-ended DSBs that cannot be repaired via NHEJ.  
This does not mean that DNA-PK dependent signaling is not important for the repair of 
these breaks however.  Evidence suggests that in fact DNA-PK activity, in particular 
autophosphorylation, plays an important role in promoting homologous recombination 
and/or NHEJ
20
.  This is in agreement with our observations that DNA-PK signaling still 
occurs on blunt-ended DNA substrates (Figure 10A).  
 The data presented in this chapter demonstrate how the activation of DNA-PKcs 
by the C-terminus of Ku 80 is dependent of DNA substrate structure.  Clearly substrate 
length, presence of overhangs, and orientation of overhangs dictate which region of the 
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Ku80 C-terminus is required for DNA-PKcs stimulation.  Evidence is also presented that 




4. Preferential DNA-PK Activation by Terminal Pyrimidines Leads to Increased 
NHEJ  
4.1 Introduction 
 We have previously reported that DNA-PK activation shows preference for 
certain terminal DNA sequences.  During these investigations it was determined that in 
the presence of DNA substrates with 30 base pairs or less, DNA-PK is preferentially 
activated by duplex ends containing a 3’ pyrimidine-rich and 5’ purine-rich strands52.  
The role of single-strand overhangs adjacent to duplex DNA was also investigated and 
distinct roles for both 5’ and 3’ DNA overhangs were identified.  5’ single stranded 
overhangs preferentially stimulate DNA-PK activity while 3’ overhangs are involved in 
bridging the synaptic complex and aligns DNA termini across the gap via 
microhomology.  How these sequences manipulate DNA-PK activation on longer 
substrates has yet to be determined.  In the previous chapter I identified the profound role 
substrate length plays in DNA-PK activation.  Thus we investigated how the terminal 
bases influence DNA-PK activation on longer substrates.  Because genomic DNA mega 
bases in length, it is likely that these studies are more representative of DSBs than short 
oligo nucleotides.     
4.2 Results 
Substrates with 5’ overhangs are of particular interest as the influence of the C-
terminal domains on DNA-PKcs stimulation varied significantly according to the length 
of the DNA substrate.  In order to determine if overhang sequence altered how of the 
Ku80 C-terminal structural regions influence kinase stimulation, the same plasmid was 
digested with different restriction endonucleases that generate distinct sequences and 
67 
 
overhangs at the terminus.  Despite the differences in terminal sequences, the influence of 
C-terminus was similar when both experiments were normalized to WT (Figure 11A).  
Under both conditions the helical bundle was required for maximum stimulation while 
the core DNA binding/Ku70 dimerization domain and disordered linker regions both 
contributed to stimulation above the no Ku control.  While the relationships between the 
abilities of the mutants to activate the kinase remains the same (Figure 11A), the overall 
level of kinase activation from XhoI digested DNA was significantly greater than the 
activation observed by the BamHI digested DNA (Figure 11B).  Despite the substantial 
differences in kinase stimulation, the sequence differences in the ends generated from 
digestion with these restriction enzymes are subtle. While digestion from both enzymes 
results in a 4 base 5’ overhang, digestion by XhoI generates a 5’TCGA overhang and 
digestion by BamHI generates a 5’GATC overhang.  Using additional restriction 
enzymes and a GFP reporter plasmid, we next tested whether the terminal pyrimidines 
generated by XhoI digestion were responsible for increased activation.  XbaI digestion 
yields a 5’CTAG single stranded overhang while EcoRI digestion yields a 5‘AATT 
single stranded overhang.  Consistent with our prediction the linearized plasmid with 
terminal pyrimidines, (XbaI digested) resulted in greater DNA-PK activation than that of 
terminal pyrimidines (Figure 12A).  Interestingly, both BamHI and EcoRI digested DNA 
contain single stranded overhangs with pyrimidines adjacent to the terminal purines 
however these ends do not stimulate DNA-PK as high as those with terminal pyrimidines.  
All four of the 5’ overhang-generating restriction enzymes used in this study result in 
single strand regions containing 2 pyrimidines and 2 purines and yet these cause 
drastically different levels of DNA-PK stimulation.  This illustrates that subtle variations 
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in DNA sequence can have profound effects on DNA-PK activation.  Further these subtle 
variations in DNA sequence are not “sensed” by Ku in the same way DNA structural 
variations are.  Instead it seems that this ability to distinguish terminal pyrimidines from 






Figure 11. Preferential DNA-PK Action by Terminal Pyrimidines on 5’ Overhangs. 
DNA-PK kinase stimulation with plasmid DNA linearized with XhoI and BamHI 
generating 4 base 5’ single stranded overhangs.  DNA substrates are depicted pictorially.  
DNA termini generated by digestion are depicted below graph indicating locations of 
pyrimidines (Py) and purines (Pu).  Ku80 constructs was represented as follows: WT bars 
are white, C-L-H bars contain horizontal lines, C-L bars contain crosshatching, core bars 
contain diagonal lines, and no added Ku (-) bars are solid.  A. Kinase activity is 
normalized to average of WT in each reactions.  Data are reported as a percentage of WT.  
B.  Kinase activity is reported as pmol of phosphate transferred. Error bars indicate 1 





Figure 12. Preferential DNA-PK Activation by Terminal Pyrimidines Leads to 
Increased NHEJ.  A. DNA-PK kinase activity with WT Ku and linearized reporter 
plasmid digested with restriction enzymes XbaI and EcoRI.  DNA termini generated by 
digestion are depicted below graph indicating locations of pyrimidines (Py) and purines 
(Pu).  Activity is reported as pmol of phosphate transferred. B.  Representative images 
analyzed for host cell reactivation assay. C. Quantified results from host cell reactivation 
assay.  Results are reported as ratio of green cells to red fluorescent cells.  Results from 
XbaI digested DNA are shown in blue and results from EcoRI digested DNA are shown 
in purple.  Error bars indicate 1 standard deviation from the mean.   
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Because DNA-PK activation is a major regulator in NHEJ
1
, we asked if the sequence-
specific activation by terminal pyrimidines would impact DNA repair.  To investigate 
this question, a host cell reactivation assay was employed utilizing a green fluorescent 
protein(GFP) reporter gene that is expressed following NHEJ.  This plasmid was 
linearized with either XbaI or EcoRI, both of which generate 4 base 5’ overhangs 
between the promoter and GFP expression reporter gene, however XbaI digestion yields 
an NHEJ substrate with terminal pyrimidines while EcoRI digestion yields an NHEJ 
substrate with terminal purines.  Differences in transfection efficiency were controlled via 
co-transfection with circular pCAG-dsRED which produces a red fluorescent protein 
(RFP) independent of NHEJ 
63
.  The results presented in Figure 12B are representative 
images of individual fields and a composite.  Quantified results are presented in Figure 
12C as a ratio of green cells: red cells and show that NHEJ substrates generated with 
XbaI digestion are repaired more efficiently than those generated via EcoRI digestion (p 
< 0.001).  We have previously shown using this plasmid that expression of the GFP does 
not occur in the presence of a DNA-PK inhibitor, NU7441, nor does it occur in NHEJ 
deficient cells
63
. Thus expression of GFP is indicative of NHEJ and it is clear that NHEJ 
substrates with terminal pyrimidines are repaired more efficiently than those of with 
terminal purines.  These results are consistent with a model where the sequences at the 
termini of DSBs influence DNA-PK activation and ultimately repair. 
4.3 Discussion 
 To the best of our knowledge, we provide the first report that the sequence 
surrounding a DSB dictates how efficiently it can be repaired which can be attributed to 
DNA-PK activation (Figure 12).  Others have shown that DSB with 3’ overhangs are 
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repaired more efficiently than those with 5’ overhangs however sequence bias was not 
investigated extensively or attributed to DNA-PK activation
68
.  Indeed, DNA-PK displays 
a dramatic sequence bias for terminal pyrimidines even over sequences with terminal 
purines containing adjacent pyrimidines (Figure 11B and Figure 12A).  We did not 
observe any differences in DNA-PKcs stimulation by the Ku mutants due to terminal 
sequence variations.  Clearly when it comes to DNA-PK activation, not all bases are 
created equal and their precise location at the DSB has a considerable impact on repair.   
Why terminal pyrimidines are more stimulatory than terminal purines is still 
unknown.  Interestingly this preference for pyrimidines is also shared with other enzymes 
involved in NHEJ.  XRCC4/Ligase IV, the predominant ligase complex in NHEJ (Figure 
1), typically ligates duplex DNA but can ligate ssDNA if the termini are poly-dT. In 
addition, POL X polymerase family member Pol µ has been shown to add nucleotides in 
a template-independent manner during NHEJ
69
.  Pol µ prefers to add pyrimidines, 
particularly dT when it uses a template-independent manner
70
.  The terminal pyrimidines 
preference along with the increased activation we report with DNA-PK could help 
explain in why substrates with terminal pyrimidines are repaired more efficiently than 
those with terminal purines.  Further the fact that in the absence of a template Pol µ 
inserts pyrimidines may be a mechanism by which DNA-PK is stimulated.  It would be 
interesting to see the endonucleases and exonucleases trim purines more efficiently 
thereby leaving pyrimidines rich termini.  In addition it will be important in future studies 
to determine if terminal sequences influence DSB repair accuracy but how these 
relationships may exist cannot be predicted.  In example one could envision a mechanism 
where DSBs with terminal pyrimidines increase DNA-PK activation, allowing for quick 
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repair.  This efficient repair would thereby limit termini from processing leading to 
higher fidelity at the site of the break.  Contrastingly, increased DNA-PK activation due 
to terminal pyrimidines may increase DNA-PK-dependent activation of endonucleases 
such as Artemis leading to increased cleavage at the site of the break making repair less 
fidelitous.        
The fact that Ku is not involved in sequence discrimination is consistent with 
structural data which shows that Ku interacts exclusively with the phosphodiester 
backbone of DNA.  Therefore Ku’s inability to differentiate sequence variation is not 
surprising.  Ku does however recruit both Xrcc4/Ligase 4 and Pol µ which clearly do 
show sequence discrimination activities.  Thus perhaps the discrimination of sequences is 
due to other proteins in NHEJ while discrimination of DNA structures is determined by 
Ku.  Indeed, structural studies of DNA-PKcs, reveal two potential DNA binding 
domains
48,71
.  The larger of the two located in the palm domain is almost assuredly 
involved in binding dsDNA while the smaller domain located in the head domain has 
been implicated in binding ssDNA
71
.  Perhaps the single ring structure of pyrimidines is 
less sterically hindered thus interacts more strongly with this putative ssDNA binding 
domain as compared to the double ring structure of purines.  This mechanism is currently 
under investigation.  Further, there are numerous other DNA structures and 
conformations that exist throughout the genome, all of which are susceptible to DSBs.  It 
will be important to evaluate how these regions influence DNA-PK activation in light of 






Non-homolgous end joining is a critical pathway for the repair of DSB and is 
responsible for the majority of said repair in mammalian cells
72,73
.  A crucial step in 
regulating this pathway, activation of the DNA-dependent protein kinase, occurs 
immediately following the recognition of free double stranded DNA termini.  The free 
termini are initially bound by the heterodimeric Ku protein consisting of Ku70 and Ku80.  
Following relatively modest but consistent conformational changes upon Ku binding to 
DNA, DNA-PKcs is recruited to DNA terminus
37
.  This recruitment was further 
investigated in this study.  To date the only regions of Ku which were shown to undergo 
conformational changes following DNA binding are the N-terminal and C-terminal 
regions of both Ku70 and Ku80 
37,48
.  Interestingly there is no direct evidence that any of 
these four regions interact with DNA.  Of these regions the most likely to interact with 
DNA is the C-terminus of Ku70 through the conserved SAP domain 
42
.  Previous studies 
have concluded that the extreme C-terminus of Ku80 is responsible for recruiting DNA-
PKcs to the DNA break
46
.  In our study we report contrasting data which indicate that the 
entire C-terminus is dispensable for DNA-PKcs recruitment (Figure 8).  In fact the 
DNA-PKcs recruitment by the Core mutant and WT Ku were statistically 
indistinguishable.  An extensive interaction interface between the core DNA 
binding/dimerization domain of Ku and DNA-PKcs has been identified via SAXS 
studies
48
.  Despite the fact that we and others have not identified major conformational 
changes in core of Ku following DNA binding, these Ku/DNA-PKcs interactions have 
not been observed in the absence of DNA
37,48
.  Perhaps DNA-PKcs must undergo a DNA 
dependent conformational change in order to interact with the Ku core which remains 
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largely unchanged.  Another explanation is that DNA-PKcs shows weak affinity for both 
the core domain of Ku and DNA and can only bind to DNA termini due to the summation 
of these weak interactions. 
Once recruited to the site of the DSB DNA-PK is activated and must discriminate 
a wide variety of DNA structures in order to coordinate appropriate processing
68
.  The 
results presented here define the mechanism by which DNA-PKcs activation is 
stimulated through interactions with the C-terminus of Ku80.  Interestingly the 
structurally defined regions of the C-terminus of Ku80 responsible for DNA-PKcs 
stimulation are different depending on the structure of the DNA cofactor to which the 
kinase complex is bound.  We interpret these results to mean that the Ku80 C-terminus is 
responsible for discrimination of DNA substrates through specific protein-protein 
interactions with DNA-PKcs.  In support of this interpretation, each of the Ku mutant 
constructs we designed was capable of supporting WT levels of Ku dependent DNA-
PKcs stimulation on specific DNA substrates (Table 4).  Perhaps the most interesting 
results were obtained from the analysis of DNA-PK activation using 60 bp substrates.  
The Core mutant which lacks the entire C-terminus was capable of supporting WT levels 
of DNA-PKcs stimulation on the 60 bp substrate with 5’ overhangs suggesting that in this 
case the C-terminus is dispensable for activation.  In the presence of 60 bp substrates with 
blunt ends and 3’ overhangs, on the other hand, both require the linker and the helical 
bundle to retain WT levels of activation (Table 4).  Why the activation relationships of 
the 60 bp substrates are so different than the rest of the substrates test remains unknown.  
These may be due to sequence variation however, the mixed nature of the substrates 
provide no obvious sequence patterns that would result in these activation relationships.  
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Further all of the sequence bias which we investigated extensively demonstrate that 
terminal sequences only changed overall activation but not protein/activation 
relationships.  Thus it is likely that the distinct results obtained from using the 60 bp 
substrates are due to the duplex length of these substrates.  The Jackson Lab has recently 
demonstrated for the first time that two Ku dimers bind to each side of DNA termini 
during NHEJ.  This possibility is interesting because the 60 bp substrates could uniquely 
accommodate 2 Ku dimers but may limit lateral movement of the proteins complexes 
along the DNA as the Ku molecules may collide causing either to slip off the DNA 
terminus.  Ma and Lieber have previously reported that Ku/DNA binding kinetics 
indicate that Ku binds DNA by a non-cooperative mechanism on substrates that are 18 
and 22 bp in length, however it exhibits cooperative binding on substrates 45 bp and 
longer
74
.  This provides an important possible explanation for our results involving the 60 
bp substrates.  Thus the 30 bp substrates may accommodate only 1 Ku dimer while the 60 
bp and longer substrates accommodated 2 or more. While the length of the 30 bp 
substrates prevents multiple Ku molecules from binding to each terminus, the 400 bp and 
plasmid DNA substrates are certainly capable of binding multiple Ku molecules.  These 
substrates however differ from the 60 bp substrates in that the steric crowding events on 
the longer substrates are greatly reduced.  It should be noted that the experiment was 
designed to avoid multiple Ku molecules binding to one terminus which we predicted 
would complicate interpretation.  As stated in Chapter 2 a 10-fold excess of DNA to Ku 
was used during the 30 bp and 60 bp experiments.  The DNA to Ku species was also in 
vast excess to DNA-PKcs as evidenced by the lack of increased kinase activity in the 
presence of higher concentrations of Ku (data not shown).  Through EMSA analysis we 
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were never able to observe 2 Ku molecules on a single 60 bp substrate under these 
conditions.  That being said it is still possible that this species could exist at an 
undetected level or as an unstable intermediate and it is this species that contributes to 
DNA-PKcs activation in the presence of the 60 bp substrates.  It is impossible to give a 
thorough assessment of the unpublished dimer of Ku dimers on each DNA terminus 
which Jackson has recently reported; however, these data along with DNA length 
dependent cooperative binding model presented by Ma and Lieber may be the key in 
explaining the atypical activation relationships observed with the 60 bp substrates
74
.  The 
differences in activation relationships among the DNA substrates of various lengths 
suggest that Ku plays a role in distinguishing DNA length.  Despite the fact that Ku has 
been extensively studied for decades, these data indicating Ku’s DNA length 
discrimination are novel.  Based on structural studies which clearly indicate that Ku binds 
to DNA termini, it is not obvious that Ku could distinguish various DNA lengths
35,48,75
.  
Additionally, 3 atomic force microscopy studies have been used to directly visualize Ku 
binding to DNA
28,29,76
.  Data from both studies show that Ku primarily interacts with 
DNA termini.  Further, Cary and colleagues are the only ones to show any Ku bound to 
internal DNA regions, but this only occurs when Ku is in vast excess to DNA and is 
independent of DNA-PKcs
29
.  Thus it is not clear how a terminal DNA binding protein 
such as Ku is able to discriminate the difference in length of a 400 bp substrate versus a 
5200 bp substrate.  Since the interior of the DNA binding, Ku core contacts 
approximately 20 bases or 2 turns of DNA, it is unlikely that distinction of DNA length 
occurs in this domain or at the very least through this domain alone
35
.  One way in which 
this may be accomplished is through protein/DNA interactions where the DNA loops 
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back upon itself to interact with Ku bound to the terminus at a region besides the primary 
DNA binding domain.  While the 400 bp substrate is longer than the persistence length or 
the minimum DNA length necessary for DNA to circularize
53,77
, it seems obvious that the 
longer the DNA is the more molecular conformations it can assume and the higher the 
possibility of it to loop.  In addition Ku contains a second putative DNA binding domain 
located at the C-terminus of Ku70, the SAP domain, which may allow for this molecular 
differentiation.  Another explanation is that length discrepancy between the 30 bp, 60 bp, 
and 400 bp substrates occurs through differences in lateral motion of Ku or the ability to 
slide along the DNA.  Such sliding could allow for multiple Ku molecules to bind to a 
single piece of DNA.  Using this model the differences between the 400 bp and plasmid 
DNA would not be explained through length as both provide ample room for multiple Ku 
molecules to bind and slide along DNA.  Thus, the distinction between the 400 bp 
substrates and the plasmid DNA may not be due to length at all and instead involves 
methylation status.  The plasmid DNA used for the Figure 10 was purified from E. coli 
and as such is methylated.  This may contribute to the differences in Ku dependent DNA-
PK stimulation between 400 bp and linearized plasmid substrates.  The most notably of 
these differences is that linearized plasmid substrates with blunt ends uniquely require the 
extreme C-terminus for maximum kinase activation while other substrates allow for 
maximum activation using the C-L-H mutant (Figures 9 and 10).  Determining which of 
these is correct should be part of the immediate follow-up work for this research.  To do 
this relatively straight forward approaches could be taken to eliminate methylation as a 
factor contributing to kinase activation.  First, PCR could be used to amplify the plasmid 
DNA followed by digestion of template DNA with DpnI.  This would yield an 
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unmethylated plasmid DNA that could be isolated from template fragments and digested 
further to generate desired DNA termini. Additionally the 400 bp substrates could be 
cloned into a plasmid and purified from E. coli.  These 400 bp substrates could then be 
digested from the plasmid vector and isolated yielding the original substrate that is now 
methylated.  If methylation does indeed influence activation of DNA-PKcs by Ku then 
this could have interesting implications as DNA methylation plays an important role in 
chromatin structure and gene regulation in eukaryotic cells.  Because eukaryotic DNA is 
much longer than most of the substrates investigated here, it is likely that the linearized 
plasmid DNA best represents DSBs that occur in vivo and thus our model is primarily 
based on the activation relationships generated with these substrates.  When Ku is bound 
to DSBs with 3’ or 5’ single stranded overhangs the linker region and helical bundle 
stimulate DNA-PKcs activity (Figure 13A).  In general substrates with 5’ overhangs are 
more stimulatory than those with 3’ overhangs.  Based on these results and the previous 
work in our lab concerning DNA substrate influence on DNA-PK activation, the 5’ 
overhang is depicted as interacting directly with the head module of DNA-PKcs (Figure 
13A)
53.  The 3’ overhangs, on the other hand, has been shown to be involved in synaptic 
complex formation through microhomology dependent DNA alignment
53
.  When the 
complex is bound to DNA substrates with blunt ends the linker region, helical bundle, 
and extreme C-terminus contribute to kinase stimulation, however whether these 
interactions occur in cis (Figure 13B) or in trans (Figure 13C) remains unknown.  The 
existence of interactions between the Ku 80 C-terminus and DNA-PKcs occurring in 
trans was first suggested following SAXS studies which indicate that the flexibility and 
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dimensions are sufficient to allow such interaction, but no direct evidence has suggested 
such an interaction exists
48
. 
The outstanding question remains, “how does the C-terminus of Ku80 influence 
DNA-PK synaptic complex formation?”  In this investigation we report enzymatic data 
that implicates each of the three structural regions of the C-terminus in DNA-PKcs 
stimulation.  While we do not report any evidence for interaction between the C-terminus 
and DNA-PKcs occurring in trans there is equally no evidence that these interactions 
must occur in cis.  Additionally it is possible that some interactions may occur in cis 
while others occur in trans.  For example, Figure 13A depicts in cis interactions 
occurring between the linker region and the helical bundle while the extreme C-terminus 
is extended in the nucleoplasm and free to interact with a DNA-PKcs molecule across the 
synapse.  As stated in chapter 1, this region has been reported to be “necessary and 




Figure 13. Model of DNA-PK Activation by the C-Terminus of Ku80.  A. DNA-PK 
stimulation occurs through interactions with the linker region and helical bundle on DNA 
substrates with 5’ or 3’ overhangs.  Ku70 is shown in grey.  Ku80 is shown in dark blue.  
DNA-PKcs is shown in yellow and orange.  B-C  DNA-PK stimulation on DNA 
substrates with blunt ends occurs through interactions with the linker region, the helical 





While the data in this investigation clearly show that this region is not necessary for 
DNA-PKcs stimulation on all substrates and only effects kinase activity in one of the 
many substrates tested, this certainly does not eliminate the possibility of this region 
having non-stimulatory interactions with DNA-PKcs.  To date this region of Ku has only 
been implicated to interact with DNA-PKcs and the WRN protein
78
 despite the fact that 
Ku has been shown to interact with several other proteins
21,79
.  Thus there is at least a 
potential that the extreme C-terminus could be involved in synaptic complex formation 
either directly by reaching across the synapse to interact with DNA-PKcs in trans or 
indirectly by interacting with DNA-PKcs in cis allowing for a conformation which favors 
synaptic complex formation.  While we predict synaptic complex formation to be 
influenced by the C-terminus of Ku80 it is certainly multi-factorial.  Our lab has reported 
that synaptic complex formation is influenced by DNA substrate structure particularly by 
those containing 3’ overhangs53.  Others have shown through electron microscopy studies 
that synaptic complexes are influenced by the phosphorylation status of DNA-PKcs
49
.  It 
is important to note that in both conditions dimers of DNA-PK were observed but were in 
lower abundance in the phosphorylated state.  Since we and others have shown that 
DNA-PK kinase activation dramatically influenced by the C-terminus of Ku80
45,62
 and 
the phosphorylation status of DNA-PK influence synaptic complex
49
 it seems plausible 
that C-terminus of Ku80 could regulate synaptic complex formation to some degree.  
Interestingly, another studied using X-ray scattering revealed that in the absence of Ku, 
DNA-PKcs assembles into dimers but these become disassociated in presence of Ku 
when DNA is absent
48
.  This suggests that DNA-PKcs has at least some intrinsic affinity 
to form synaptic complexes.  While we have shown the DNA substrate influences which 
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structural region of the Ku80 C-terminus stimulates kinase activity, we observed that 
even non-stimulatory effects of the C-terminus were not inhibitory.  An interpretation of 
these data along with the reported effect of DNA-PKcs phosphorylation on dimer 
disassociation would conclude that the C-terminus of Ku80 would likely destabilize 
synaptic complexes via kinase stimulation.  This may be an over simplistic expectation 
however as DNA-PKcs autophosphorylation and its effects are much more complex than 
illustrated in these studies.  As discussed in chapter 1, autophosphorylation sites can have 
reciprocal influences
54
.  For example mutational analysis has shown that 
autophosphorylation of the ABCDE cluster promotes DNA-PK dissociation from DNA 
while phosphorylation of PQR cluster reduces dissociation
80
.  Further many 
autophosphorylation sites including J, K, L, and N or combination of these sites have 
been shown to not influence dissociation regardless of phosphorylation status
54
.  DNA-
PK autophosphorylation is a critical target of DNA-PK kinase activity, thus determining 
if and how DNA substrate structure influences phosphorylation of specific sites will be 
important understanding DSB repair.  Again our investigation clearly shows that 
stimulation of DNA-PKcs is intimately tied to the protein structure of Ku80 C-terminal 
regions and the structure of the DNA substrate to which the holoenzyme is bound.  Thus 
if DNA structure influences phosphorylation of particular sites we should be able to 
identify which structural regions of the Ku80 are responsible for directing kinase activity 
to these specific targets.  There is some evidence to suggest that the C-terminus of Ku80 
may direct phosphorylation of some sites but not others.  Using a Ku80 mutant 
containing amino acids 1-598 which is similar to our C-L mutant construct, Weterings 
and colleagues determined that phosphorylation of threonine 2647 was reduced compared 
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to WT Ku controls while phosphorylation of serine 2056 and threonine 2609 was 
unchanged
47
.  This is interesting because similar to our results presented in Chapter 3 
with the C-L mutant, the 598 mutant stimulated phosphorylation of a p53 based peptide 
substrate to approximately 50% of WT levels.  Despite overall reduction of DNA-PK 
activity, at least a portion of downstream targets were phosphorylated to the same extent 
in the absence helical bundle and extreme C-terminus.  One major flaw with this study is 
that different DNA cofactors i.e. sheared calf thymus DNA and 250bp were used to 
stimulate phosphorylation of the p53 peptide and the autophosphorylation experiment 
respectively
47,77
.  Regardless, these data provide interesting basis for further 
investigation.  If autophosphorylation is altered by DNA substrate structure, then 
pathway choice may also be influenced by the structure of break and should be 
interrogated.  All known autophosphorylation sites of DNA-PKcs should be investigated 
with regard to DNA substrate structure; however, there is a subset of sites which may be 
particularly pertinent to pathway choice. For example, phosphorylation of the ABCDE 
cluster tends to promote homologous recombination (HR) while phosphorylation of the 
PQR cluster promotes repair via NHEJ
19
.  These activities are coordinated with their 
influence on DNA-PK dissociation with DSBs discussed above.  HR required extensive 
resection from the 5’ end of the break yielding a long 3’ overhang67.  This single stranded 
DNA is then used in to seek homologous regions of undamaged DNA
81
.  This extensive 
resection requires nucleases to access the DNA termini, which is significantly limited 
upon phosphorylation of the PQR cluster
80
.  Additionally, phosphorylation of the JK 
cluster has been shown to inhibit NHEJ while promoting HR but do not influence overall 
kinase activity
19
.  Autophosphorylation sites including threonine 3950 and the N site 
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cluster limit kinase activity are also of interest in terms of DNA substrate bias
19
.  Our 
results from the 400 bp substrates with 5’ overhangs indicate no measurable kinase 
activity with the Core and C-L mutant despite that these mutants stimulate activity on the 
400 bp substrates with 3’ overhangs and blunt ends (Table 4).  One explanation of these 
results is that these mutants direct autophosphorylation of threonine 3050 and the N 
cluster thereby ablating the potential kinase activity.   
Data from several groups have established that limiting NHEJ promotes HR while 
efficient NHEJ limits HR
16,82
.  Our results from the host-cell reactivation assay clearly 
demonstrate that the sequence of the DNA terminus influences NHEJ efficiency (Figure 
12).  While our assay does not measure HR, it is only logical that the increased NHEJ 
efficiency that we observe will reduce HR effectiveness.  The Meek laboratory has 
clearly demonstrated a relationship between NHEJ efficiency and DNA-PKcs 
autophosphorylation
19,20
.  Therefore it is likely that autophosphorylation of specific sites 
of DNA-PK will be influenced by the structure and sequence of DSB.  The extent to 
which the DNA substrate contributes to pathway choice repair via HR or NHEJ, however 
is unknown. 
Testing the activation relationships between DNA substrate structure and Ku80 
protein regions in vivo remains an important goal.  Several factors make accomplishing 
this complex.  The first is that Ku80 is an essential protein and as such few cell lines exist 
that are devoid of Ku80.  This limits our experiments to the Chinese Hamster ovarian cell 
line Xrs6 which is Ku80 deficient.  Based on work of others we would expect that our 
Ku80 deletion constructs will complete rodent Ku70 sufficiently for DNA-PKcs 
stimulation
45,46
.  A major drawback with this cell line, however, is that they have 
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rampant, Ku independent, alternative-NHEJ activity capable of repairing DSB.  Thus 
measuring what could be small changes in NHEJ efficiency based on Ku80 protein 
mutations and DNA substrate structures may be difficult to discriminate if the alternative-
NHEJ pathway is compensating for these reductions.  To circumvent these problems we 
would need to adapt an assay that allows for us to distinguish repair via classical and 
alternative NHEJ.  It would also be helpful to determine the relative amount of HR which 
occurs when NHEJ efficiency is altered.  In addition, these studies may be strengthened 
with the use of alternative-NHEJ inhibitors such as the MRN inhibitor Mirin
83
.  This 
would eliminate a variable which complicates interpretation of repair efficiencies.  This 
approach is not without its own weaknesses.  Mirin is not a very potent inhibitor and 
requires the use of 1mM in biochemical assays
84
.  When experiments require such high 
concentrations of inhibitors the likelihood of influencing other pathways in cells is raised.  
The use of Mirin therefore should only be used to complement these experiments and the 
study should not be designed around their use.   
In conclusion, in this study we have defined a novel mechanism by which the 
DNA-PK holenzyme complex is formed.  We determined that specific protein/protein 
interactions occur between three structural regions found at the C-terminus of Ku80 and 
DNA-PKcs.  These interactions are dictated by the DNA cofactor to which the complex 
is bound.  Through an unknown mechanism Ku is able to differentiate multiple structural 
features of DNA including the length, the presence of overhangs, and the orientation of 
overhangs.  To date the functions defined for Ku have centered of its DNA terminus 
binding activity
72,79
.  Here data are presented that despite the fact that Ku binds to DNA 
termini, it can distinguish the length difference between 400 bp and 5.4 kb DNA.  While 
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the ability of Ku to “sense” overhangs which are located at the terminus is in accord with 
its end binding activity, how this activity relates to DNA length discrimination is not 
obvious.  Regardless Ku translates this information to DNA-PKcs through specific, 
stimulatory interactions which vary according to the structure of the DNA cofactor.  We 
provide evidence that these interactions explicitly control kinase activation and do not 
influence DNA-PKcs-DNA binding activity.  Further, the mechanism by which DNA-PK 
is influenced by DNA sequence was investigated.  It was determined that on linearized 
plasmid substrates with 4 base 5’ overhangs, those with terminal pyrimidines cause much 
greater kinase stimulation than those with terminal purines.  This DNA sequence specific 
increase in kinase activation corresponds to increases in NHEJ in vivo.  To our 
knowledge this is the first report that suggests that the sequence surrounding a DSB 
influences its repair.  Unlike differences in overhang structure and length, the differential 
action does not occur through Ku but instead is intrinsic to DNA-PKcs.  It has been 
established that following activation DNA-PK is highly regulated through 
autophosphorylation
72
.  Additionally structural data indicate that DNA-PKcs/DNA-PKcs 
dimeric interactions are substantially influenced by the structure of DNA cofactors to 
which DNA-PKcs is bound
48
.   
This work provides a significant advancement to the general field of DSB repair.  
Here we provide examples where the structure at sequence surrounding the DSB 
influence repair. The majority of this work was demonstrated in vitro with DNA 
substrates which remain static.  Considering the fact that DNA-PK coordinates 
processing of DSBs, it is important to realize that during NHEJ the structure of the DSB 
may fluctuate due to processing.  The interactions which contribute to activation of DNA-
88 
 
PK likely change as the structure of the DNA cofactor changes.  In addition the level of 
DNA-PK activity likely changes as DNA termini are processed.       
Based on the work presented here, future studies should investigate how the C-
terminus of Ku80 influences synaptic complex formation.  Clearly the DNA structure and 
kinase activation influence synaptic complex formation
48
.  Since the effect of the C-
terminus on kinase activity is dependent on DNA structure, there is likely a direct 
influence of the C-terminus on synaptic complex formation.  In addition, several studies 
have shown that DNA-PK autophosphorylation is perhaps the most important 
downstream target of DNA-PK kinase activity
72
.  How DNA-PK autophosphorylation is 
influenced by DNA cofactor structure has yet to be tested.  Data presented here 
demonstrate that DNA-PK “senses” the structure of the DNA to which it is bound via 
interactions with Ku.  It follows that DNA-PK would necessarily respond differently to 
distinct DNA structures, likely through specific autophosphorylation events which would 
allow or restrict processing events as needed.  Autophosphorylation events have also 
been linked to repair pathway choice as discussed in Chapter 1
19
.  It will also be of 
interest to test whether DNA structure plays a role in pathway choice.  HR requires long 
3’ overhangs which are used to invade undamaged strands in order to find homologous 
template regions
85
.  Current models of pathway initiation suggest that these overhangs are 
produced by the activity of the MRN complex.  It may be that the pathway is stimulated 
by existing 3’ overhangs or that 3’ overhangs differentially stimulate DNA-PK which in 
turn stimulates HR activity.  This work demonstrates that the structure of DNA in DSBs 
influences DNA-PK activation and NHEJ.  Future studies should focus on measuring the 
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